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Chapter 1. 
GENERAL INTRODUCTION. 
Radium has long heen the most important radioactive 
substance known. I t i s used widely i n the medical profession 
and i n other "branches of study requiring a source of ionizing 
radiations, although w i t h the advent of a r t i f i c i a l radioactive 
isotopes radium i s no longer the main source f o r such purposes. 
Most of t^e c l a s s i c a l study of radioactive and nuclear 
phenomena involved the use of radium as a source of alpha-
p a r t i c l e s . Moreover, \ i n t i l 1950the standard t m i t of 
r a d i o a c t i v i t y , the curie, was defined i n terms of the quantity 
which i s the subject of the present investigation, the alpha-
a c t i v i t y of one gram of radiim. The present d e f i n i t i o n of 
the curie, that quantity of any radioactive nuclide i n which 
the number of radioactive disintegrations per second i s 
3.7 X 10^^ , r e f l e c t s the value of the specific a c t i v i t y of 
radium which was regarded i n 1950 as most probable. 
Definitions should be set down f o r the various quantities 
i n terms of which the radioactive characteristics of a 
nuclear species can be ez^jressed. 
The h a l f - l i f e of a radioactive nuclide i s the period of 
time required f o r the a c t i v i t y of any sample t o f a l l to hal f 
i t s i n i t i a l value. This period i s independent of the I n i t i a l 
a c t i v i t y . I t i s usually denoted by the symbol t x . 
B C I f N C f 
The radioactive decay ccastant of a nuclide i s the 
f r a c t i o n a l decrease i n the a c t i v i t y of a sample per unit 
time. I t i s given the symlDol X and i s related to the h a l f -
l i f ^ y the formula: 
t ^ = (log e 2) / X 
The specific a c t i v i t y of a nuclide may be defined as 
the number of radioactive disintegrations of that nuclide 
occurring per second per gram of nuclide. I t receives the 
symbol Z and i s related to the radioactive constant by 
the formula: 
X = Z M / No 
where M i s the atomic mass of the nuclide and N© i s the 
Avogadro number. 
The prominence of raditmi as a radioactive source i s 
probably due to the rfect that i t has a long enough h a l f - l i f e 
( i . e . the specific a c t i v i t y i s low enough) f o r i t to be 
present i n recoverable amounts i n nature; yet i t has a 
short eno\igh h a l f - l i f e to provide a very intense source 
when pure. This intermediate value of the h a l f - l i f e has 
been the cause of the d i f f i c u l t y i n the determination of 
that quantity. I t i s too long (1590 years approx.) f o r 
di r e c t determination by following the decay of tjie a c t i v i t y , 
yet not long enough f o r accurate values to be obtained by 
the r e l a t i v e abundance i n minerals. The int e n s i t y of the 
rad i a t i e n and the nature of the daughter products makes 
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d i f f i c u l t a determination of the rate of emission of alpha-
p a r t i c l e s . I t i s therefore not surprising that the values 
detemined experimentally f o r t h i s most important constant 
have varied considerably. 
A large nximber of methods have been employed f o r t h i s 
determination,none of whichiS free from objections of various 
sorts. Many values have been given f o r the specific 
a c t i v i t y , yet these values disagree with one another by 
amo-unts considerably larger than the degrees of accuracy 
claimed by the workers. Many of the more recent values l i e 
near the figure 3.7 x 10-^ ^ alpha p a r t i c l e s per sec.per gm. 
although few l i e above t h i s value. This was the figure 
adopted as the International Standard f o r the curie i n 1950, 
(Ref. 1.1 ) but the work of Kohman and his co-workers, 
i n d i c a t i n g a lower value of 3.61 x 10^^ re-opened the question. 
At that time the accurate technique developed by Glueckauf 
and Paneth and others f o r the micro-analysis of helium 
offered the p o s s i b i l i t y of using with greater acctiracy an 
old approach, the measurement of helium derived i n a given 
time from the alpha-particles, and of that application the 
present study forms a part. I t had been hoped that i t 
would form the f i n a l part and that a new and important 
determination of the h a l f - l i f e would be possible. This 
was not achieved i n the time available, yet i t i s Jioped 
that t h i s preliminary study of the problem w i l l advance i t 
mat e r i a l l y towards a solution. 
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CHAPTER 11 
CRITICAL DISCUSSION OF OTHER METHODS USED. 
The methods which have been used to determine the 
h a l f - l i f e of radium are extremely numerous and varied. 
Only a few have been selected f o r discussion here but they 
include the most i n t e r e s t i n g and important. 
Measurements of the a c t i v i t y of radiiim may be designed 
to determine the radioactive decay constant d i r e c t l y or the 
specific a c t i v i t y d i r e c t l y . Either having been determined, 
the other, and the h a l f - l i f e (which i s intimately related 
to the radioactive decay constant), can be calculated. 
The experimental methods may be divided i n t o two classes 
depending on whether the radioactive decay constant or the 
specific a c t i v i t y i s the constant d i r e c t l y determined. A 
table of those determinations which w i l l be discussed i s 
given below, sub-divided on the basis of method; 
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TABLE 1 
SOME OF THE MORE IMPORTANT DETERMINATIONS 
OF THE SPECIFIC ACTIVITY. 
Class 1: Determinations of Radioactive decay Constant 
Method Worker Date Result 
(a) Measuring decay of radium; units 10^^ 
not done i n practice o^/sec /gm 
(b) Build-up of radium ( i ) Boltwood 
Ui}.Gleditsch 3.47 (iii)Meyer & Lawson 1928 3.4 
(c) Equilibrium i n radium Wertenstein 1928 , 3.61 
series 
Class 11; Determination of Specific A c t i v i t y 
Direct: 
(a) Visual counting of s c i n t i -
l l a t i o n s ( i ) Rutherford & 
Geiger 1908 3.4 ( i i ) Qeiger & Werner 1924 3,61 
(b) Counting of e l e c t r i c a l 
pulses (1) Rutherford & 
, , Geiger 1908 3.4 Ui).Lawson & Hess 1918 3.72 3.7 
ams 1929 3.66 ( i v ) Konman,Ames & Sedlett 1951 3.61 
In d i r e c t : 
(c) Heating ef f e c t 
(d) Helium produced 
( i ) Rutherford 
( i i ) Braddick & Cave 1928 3.67 
( i ) Zelgert 1928 3.71 
( i ) Hess 
( i i ) Watson & 
Henderson 








( i i ) Boltwood & 
Rutherford 








(ot) Glass 1 Determinations of Radioactive decay Constant. 
These methods depend on measuring the growth and decay 
of a c t i v i t y , or the equilibrium conditions i n saii5)les of 
radium. The possible approaches are three-fold. The decay 
of a sample of radium may be measured at i n t e r v a l s , the 
growth of radium i n i t s parent substance (which i s controlled 
among other things by the radioactive decay constant of radium) 
may be followed, or the equilibrium of radium w i t h i t s parent 
and daughter substances, which gives the r a t i o of the h a l f -
l i v e s , may be studied. 
(a) The f i r s t approach has not been adopted i n practice f o r 
the reason that the radioactive decay constant of radiiam i s 
too low, being approximately 4.5 x 10""^  year~^. Even over 
a period of 10 years the a c t i v i t y would only f a l l by 0»b%. 
I f i t were possible t o provide a comparison standard that 
would rem^n constant i n a c t i v i t y f o r so long, the measurement 
would s t i l l be of a very small change i n a large quantity 
w i t h a consequent hundred-fold decrease i n accuracy. 
(b) Build-up of Radium i n Ionium. 
( i ) Boltwood (Ref.2.1) 
^ i i ) Gleditsch (Refs. 2.2.,2.3.,2.4) 
The second approach has been adopted. The rate of 
growth of radium i n i t s parent substance, ionium, has been 
measured by Boltwood and also i n several d i f f e r e n t 
experiments by Gleditsch and her co-workers. The growth 
of radium i n ionivim i n i t i a l l y freed from radixam follows an 
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exponential recovery curve which i s complementary t o the 
decay curve and tends asymptotically t o the equilibrium value 
as the decay curve tends to zero. The rate of growth and 
the rate of decay are governed by the same constant. I t i s a 
necessary condition that the curve should not be distorted 
by the decay of the parent substance, i.e. that the h a l f - l i f e 
of ionium should be large compared t o the h a l f - l i f e of radiimi. 
This i s so; the h a l f - l i f e of ionium i s approximately 90,000 
years. I t i s not necessary to know the h a l f - l i f e of ionium 
wi t h great accuracy, nor the amount of ionium present. The 
two quantities which must be measured are the a c t i v i t y of 
radiiim i n equilibrium with a given sample of ionium and the 
rate of growth of radium a c t i v i t y i n the same sample a f t e r 
a l l the radium has been removed. I t i s not necessary to 
know the masses of radium involved, but the a c t i v i t i e s must 
be s t r i c t l y comparable, a l l the absorption factor^foust be 
constant. The rate of growth of a c t i v i t y divided by tlie 
equilibrium a c t i v i t y i s then the same as the proportional 
rate of decrease of a c t i v i t y i n a sample of radi\im, which 
gives the radioactive constant. 
This method i s of interest and importance because i t 
d i f f e r s fundamentally from most others. I t has the advantage 
of avoiding absolute determinations of the a c t i v i t y of samples. 
A l l a c t i v i t y determinations are comparative only. Nor does 
the mass of radixom involved have to be measured. 
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I n the various pieces of work referred t o i n t h i s 
section d i f f e r e n t minerals containing ionium were used. The 
experiments d i f f e r i n t h i s respect c h i e f l y and the method 
used i s basically the same. The asstunption was made that 
the composition of these minerals had remained constant over 
a period of several h a l f - l i v e s of radium so that e q u i l i b r i a 
had been established. A determination of the a c t i v i t y due 
to radium i n a weighed portion of the mineral gave the 
e q i i l i b r i u m value. Then frcm another weighed portion ai l l 
the- ionium was separated free from radium. The growth of 
radiirai i n a solution of t h i s ionium was followed by drawing 
o f f the evolved radon. 
The best of the whole series of experiments gave a value 
f o r the radioactive decay constant of 4.11 x 10"^ years"^ which 
corresponds t o a specific a c t i v i t y of 3.47 x 10~-^^alpha 
particlesrrper sec. per gm. and a h a l f l i f e of 1686 years. 
(This value of the specific a c t i v i t y was recalculated by 
Kohman using a more recent vdue of the A.vogadro number). 
The value f o r the specific a c t i v i t y was lower than that of 
most of the recent determinations by 5 or lOfo. 
The two most l i k e l y sources of error are: 
(1.) alterations i n the composition of the mineral w i t h i n the 
l a s t few thousand years changing the equilibrium of ionium 
and radium. The most l i k e l y a l t e r a t i o n would be fJreferential 
leaching of radium, which would make the apparent equilibrium 
a c t i v i t y lower than i t should be and the apparent specific 
a c t i v i t y too large. 
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2, incomplete separation of ionium frnnthe mineral. I f 
ionium were l o s t i n the process of freeing i t from the 
accuimilated radium, the apparent rate of growth of a c t i v i t y 
would be too low and the apparent specific a c t i v i t y would be 
too low. Small quantities were used and the authors 
mentioned d i f f i c u l t i e s of handling. I t seems l i k e l y that 
t h i s error i s responsible f o r the divergence of the r e s i i l t 
f r o n the majority of recent values. 
(iiO Meyer and Lawson (Ref. 2,5) 
Meyer and Lawson also determined the rate of growth of 
radi-um i n ionium. They used a sample of ionium and thorium 
oxides whose composition and weight was known from the 
atomic weight determinations of Hoenigschmidt and Horowitz. 
Radium had been growing i n the sample f o r some seven years. 
Without opening the glass ampoule containing the sample, 
Meyer and Lawson determined the amount of radium present by 
a coniparison of the gainn»'ray a c t i v i t y due to Radium C i n 
equilibrium w i t h radium w i t h that of a standard radivim sample. 
By determining the gamma-ray a c t i v i t y i n various directions 
r e l a t i v e to the asis of the airpoule, anc. estimate of the 
gamma absorption of the sample and i t s container was obtained. 
A value f o r the specific a c t i v i t y of 3,4 x 10^ *^  alpha particles 
per sec per gm was f o\ind. 
The method avoids an absolute determination of a c t i v i t y . 
However i t involves a ccsaparison of gamma a c t i v i t i e s between 
two samples w i t h d i f f e r e n t geometries which i s extremely 
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d i f f i c u l t to do with accuracy. The gamma absorption i n 
the walls of the containing ampoule and i n the material of 
the sample i s very sensitive to thickness and to shape and 
may reduce the apparent a c t i v i t y by several per cent. I t 
i s very d i f f i c u l t to estimate i t with a reasonable margin 
of accuracy. This type of measurement i s Involved i n 
several of the methods to be desciSibed and has been the 
subject of c r i t i c i s m by Kohman, Ames and Sedlett. (Ref.2.11) 
The uncertainty of the correction probably accounts f o r the 
poor agreement between Meyer and Lawson's value and other 
more recent values. 
(c) Equilibrium between radlTjm and radon. 
Wertenstein (Ref.2.6) 
The t h i r d method i n t h i s class involves the volumetric 
measurement of the quantity of radon i n equilibrium with a 
known mass of radiiim. The h a l f - l i f e of radon i s known with 
good accuracy and the h a l f - l i f e of radivmi can then be derived. 
The corresponding approach using radium and ionium i s not 
p r a c t i c a l because the h a l f - l i f e of ioni\am i s not known as 
well as that of radium. 
Wertenstein's method has the interest of being d i f f e r e n t 
from a l l other methods. I t reciudes the handling of radixom 
t o a minimum and involves no measurements of a c t i v i t i e s \inless 
the radium source needs to be standardized. The method used 
f o r obtaining the radon i s not described. Presumably i t was 
-10 -
pumped o f f from a standard radium source. Measures taken 
to ensure complete removal of radon from i t s parent are not 
described. Wertenstein found d i f f i c u l t y i n p u r i f y i n g the 
radon fnurn i t s chief contaminants, hydrogen, heli\mi, water-
vapour and carbon dioxide. Of these, carbon dioxide i s 
simila r i n physical properties to radon and was d i f f i c u l t 
to separate completely from radon by physical means. The 
t o t a l pressure of a known volume of the two gases was 
measured wi t h a Knudsen gauge and the viscosity was measured 
-with a quartz thread.viscometer. By p a r t i a l l y condensing 
carbon dioxide i n a l i q u i d a i r trap and repeating the 
raeas'urements, the contaminating effect of the carbon dioxide 
could be estimated and the p a r t i a l pressure of the radon 
found. The impact of alpha p a r t i c l e s on the walls of the 
vessel caused evolution of occluded gas which was mostly 
hydrogen. This was burned i n an excess of oxygen on a 
platinxam wire coated with copper oxide. 
Wertenstein's value f o r the specific a c t i v i t y ( a f t e r 
correction using a recent value of the divogadro number) was 
3.61 X 10-^ ^ alpha p a r t i c l e s per sec per gm; but the accuracy 
which he could claim was only s t i f f i c i e n t to bring the margin 
of error down to 5%. This large margin of error which 
makes the experiment of doubtful value, i s apparently due 
to the radiation d r i v i n g occluded hydrogen from the walls of 
the vessel. tWertenstein i n a foot-note reports that he freed 
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the glass from occluded hydrogen by baking i t at 450° c. 
but does not report any consequent improvement i n accuracy. 
Further^ one wcaild l i k e to know more about measures taken to 
ensure accuracy i n the standardization of radon w i t h regard 
to the radium from which i t was obtained. 
Class 11 Determinations of the Specific A c t i v i t y , 
I n Class 11 are included a l l those methods which 
involve measurement of the number of alpha p a r t i c l e s produced 
from a known mass of radium i n a given time, and which result 
therefore i h a value f o r the specific a c t i v i t y . The 
methods can be sub-divided i n t o the 'direct' i n which 
i n d i v i d u a l p a r t i c l e s can be counted by some sort of recording 
mechanism; and the ' i n d i r e c t ' which depend on the meas\irement 
of some property of the alpha p a r t i c l e s , the e l e c t r i c charge 
transferred, the heating e f f e c t , or the volume of helium 
produced when the alpha p a r t i c l e s are brought to rest. The 
terms 'direct' and 'in d i r e c t ' do not necessarily imply any 
great difference of approach or superiority of method, they 
are simply useful f o r c l a s s i f i c a t i o n , 
(fi) Class 11 Determinations of Specific A c t i v i t y ; Direct 
(a) Counting s c i n t i l l a t i o n s 
( i ) Rutherford and Geiger (Ref.Si?) 
The alpha p a r t i c l e source used i n t h i s experiment was 
not radiimi i t s e l f but a deposit of Radium B + C & C obtained 
by exposing a suitable source holder to radon f o r a period of 
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some hours, and allowing the active deposit that was formed 
to decay f o r about 15 min, i n order that radium A might decay 
to ne g l i g i b l e proportions. The source holder then contained 
f o r purposes of an alpha p a r t i c l e determination only radium 
B + C, decaying i n a complex fashion which can be approximately 
represented by an "e f f e c t i v e h a l f - l i f e " of about h a l f an ho\ir; 
, and Ra C', the alpha p a r t i c l e emitter, i n equilibri\im w i th 
gadium C, The decay was followed and the source calibrated 
by comparing jjhe gamma a c t i v i t y w i th a standard sample of 
radium. This gave a comparison of the amounts of radium C 
i n the standard and on the source holder. By determining 
the rate of alpha emission of the radi\im C on the source 
holder at any given moment, Rutherford foxond the rate of 
. alpha emission of the radiimi C' i n the sample. But the 
l a t t e r was i n equilibrium w i t h a known mass of radium, so 
the specific a c t i v i t y of the radium could be determined. 
The source holder was placed at a suitable distance from 
an aperture of known area. This distance was large compared 
w i t h the dimensions of the holder and could be decreased as 
the source decayed. 
I n t h i s series of experiments the alpha-particles 
passing through the spertnve f e l l on a zinc sulphide screen 
and the s c i n t i l l a t i o n s caused were counted v i s u a l l y through a 
f i f t y power microscope. The result given by Rutherford 
Geiger was 3.4 x 10^^ alpha p a r t i c l e s per sec per gm but a 
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5 - 10% margin of e r r o r was considered p o s s i b l e . 
The use of a radium B + C deposit as a source has the 
advantages that the source i s e a s i l y prepared and handled. 
I t i s extremely t h i n so" t h a t there i s no danger of s c a t t e r i n g 
as the alpha p a r t i c l e s pass through the m a t e r i a l of the 
deposit. Only one n u c l e a r s p e c i e s , e f f e c t i v e l y , i s being 
measured so that the "beam of p a r t i c l e s i s quite homogeneous. 
HoBver the conrparison w i t h the sealed standard using garana 
a c t i v i t i e s i s a source of weakness as d i s c u s s e d ahove. 
(Sec.«»-(TD)(ii) ) The r a p i d decay of the source means that 
the gamma ray i n t e n s i t i e s must he determined simultaneously 
w i t h alpha p a r t i c l e measurements and long periods of 
ohservation are impossihle. To define a narrow "beam of 
alpha p a r t i c l e s hy means of an aperture involves s c a t t e r i n g 
at the edges of the aperture, and p o s s i h l y s c a t t e r i n g through 
the aperture of p a r t i c l e s from outside the "beam which had 
s t r u c k the w a l l s of the experimental v e s s e l or the source 
holder. F i n a l l y v i s u a l counting w i t h a zinc sulphide screen 
i s extremely t i r i n g f o r the eyes, and s c i n t i l l a t i o n s may he 
missed through f a t i g u e . 
Counting s c i n t i l l a t i o n s ; 
( i i ) Geiger and Werner (Ref.2.8) 
These authors a l s o used a z i n c sulphide screen, g i v i n g 
considerable care to i t s preparation. They observed that 
there were minute g r a i n s of z i n c sulphide on a prepared screen 
- 14 -
v/hlch gave a fluorescence when s t r u c k , "but that only 590/600 
of the g r a i n s were thus a c t i v e . Qelger and Werner made a 
scre e n t h i n enough f o r s c i n t i l l a t i o n s to he seen on hoth 
s i d e s hut t h i c k enough to ensure that every alpha p a r t i c l e 
s t r i k i n g i t should pass through s e v e r a l g r ains of z i n c sulphide. 
Thus only 0.4% of the alpha p a r t i c l e s passed unrecorded. 
To e l i m i n a t e the e f f e c t s of eye f a t i g u e , they placed the 
scr e e n at an angle of 45° to the alpha p a r t i c l e heam and 
arranged f o r i t to he observed frcm hoth s i d e s simultaneously, 
(see P i g . l ) The observers recorded e l e c t r i c a l l y every 
s c i n t i l l a t i o n they saw, and most s c i n t i l l a t i o n s which escaped 
the n o t i c e of one observer were recorded hy the other. 
The source used was an unusual one. ( F i g . l b ) . A 
small c o n i c a l l y shaped v e s s e l A had f o r i t s base a t h i n 
window of mica B. T h i s v e s s e l was f i l l e d with radon and 
i n e r t c a r r i e r gas t o a pressure of a few cm of mercury through 
a platinum c a p i l l a r y tube C which was then sealed. The t h i n 
window was p l a c e d against the mica window D of the recording 
apparatus. An alpha p a r t i c l e emitted i n the d i r e c t i o n of the 
recording apparatus from anywhere i n the gas space or from 
the a c t i v e deposit on the w a l l s would pass d i r e c t l y i n t o the 
recording apparatus. The l a t t e r c o n s i s t e d of a long evacuated 
tube E w i t h a small a c c u r a t e l y measured aperture P at the end 
d i s t a n t from the source. The tube contained two or three 
diaphragms H w i t h small holes i n the centre, such as would not 
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cut o f f alpha p a r t i c l e s proceeding d i r e c t l y through the 
aperture, but would prevent any p a r t i c l e s being s c a t t e r e d 
through i t from the w a l l s of the tube. A l l the p a r t i c l e s 
p a s s i n g through the g)erture f e l l on the screen G and were 
counted v i s u a l l y through two microscopes, I . The soiirce 
was c a l i b r a t e d by comparison w i t h a standard sample u s i n g 
gamma ray i n t e n s i t i e s i n the way mentioned p r e v i o u s l y . 
The alpha p a r t i c l e s of radon, radium A and radium C' were 
measured i n some cases and, i n others, a l l the alpha p a r t i c l e s 
but those a r i s i n g from radi-um C' were cut out by means of 
t h i n f i l t e r s . The authors gave a f i n a l value of 3.4 x 10-^^ 
alpha p a r t i c l e s per sec per gm ( -0.8% or +2%). 
The soiirce used has the advantage over a radium B + C' 
source that i t decays w i t h the h a l f - l i f e of radon, thus 
avoiding the e r r o r s involved i n a more r a p i d l y decaying source. 
To have two observers of the scr e e n i s an inrproVemfent upon 
the system of Rutherford and G^iger, However the value 
obtained f o r the s p e c i f i c a c t i v i t y i s lower than most of the 
recent v a l u e s , and i t i s p o s s i b l e that the screen was l e s s 
e f f i c i e n t than was thought, and that a s i g n i f i c a n t proportion 
of the alpha p a r t i c l e s were s c a t t e r e d out of the beam i n 
t h e i r passage through the r e s i d u a l gas i n the long tube. 
Some of the radon may have been occluded on the w a l l s of the 
platintira c a p i l l a r y tube. I n s u f f i c i e n t allowance may have 
been made f o r the s c i n t i l l a t i o n s that were missed by both 
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observers. A correction was made f o r t h i s , based on the 
assumption t h a t observer A would observe h i s normal proportion 
of the s c i n t i l l a t i o n s missed by observer B. However B 
would be most l i k e l y to miss those s c i n t i l l a t i o n s which 
occurred near the edge of the f M d or n e a r l y simultaneously 
w i t h others. These are j u s t those which A would be l i k e l y 
to miss. Therefore the number of s c i n t i l l a t i o n s missed 
a l t o g e t h e r was probably l a r g e r than estimated. The r e s u l t s 
of experiments u s i n g radon + radium A + radium C d i f f e r e d 
from those u s i n g radium G* only by 1.4%,a r a t h e r l a r g e margin. 
I t i s an unavoidable disadvantage of t h i s experiment that 
many of the e r r o r s tend to make the r e s u l t too low, as i s 
i n d i c a t e d i n the f i g u r e s f o r the probable margin of e r r o r 
given by the authors.n 
(b) Counting p u l s e s of i o n i z a t i o n , 
( i ) Rutherford and Geiger. (Ref. 217) 
T h i s experiment i s p a r a l l e l to that c a r r i e d out by the 
same authors and already described under the heading 'coimting 
s c i n t i l l a t i o n s ' . The source used was the same as that 
already described. The counting instrument was a rudimentary 
form of p r o p o r t i o n a l counter, A wire connected to a Dolezalek 
electrometer r a n down the middle of a tube, the c a s i n g of' 
which was maintained at a high negative p o t e n t i a l . The 
i n s i d e of the tube contained gas at a low pressure. Alpha 
p a r t i c l e s were allowed to enter through an aperture of known 
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area. The primary i o n i z a t i o n caused by the alpha p a r t i c l e s 
was m u l t i p l i e d by c o l l i s i o n i n the high e l e c t r i c f i e l d and 
was c o l l e c t e d on the centre wire. The r e s u l t i n g e l e c t r i c 
p u l s e s caused b a l l i s t i c throws of the electrometer. These 
throws were recorded by an observer. T h i s simplis arrangement 
was capable of recording only three or four p a r t i c l e s per 
minute w i t h accuracy. Long periods of counting were therefore 
r e q u i r e d which was d i f f i c u l t w i th the r a p i d l y decaying source 
used. The advantage of t h i s apparatus overthe z i n c sulphide 
s c r e e n l a y i n the f a c t that readings were p o s s i b l e over 
s e v e r a l hours, whereas an observer can only watch a 
f l u o r e s c e n t s c r e e n f o r two or three minutes without t i r i n g . 
The r e s u l t obtained by t h i s method (3.4 x 10^^ alpha 
p a r t i c l e s per sec per gm) agreed with the s c i n t i l l a t i o n 
counting experiment of the same workers w i t h i n the l i m i t s 
of e r r o r . 
( i i ) Lawson and Hess. (Ref.2.9) 
T h i s determination was regarded f o r some time as one 
of the beat. The source used was a deposit of radium C' 
and Ra C* on a hemispherical holder. I t was c a l i b r a t e d by 
a comparison of gamma ray i n t e n s i t i e s w i t h one of the 
secondary i n t e r n a t i o n a l standards kept at Vienna. The 
source was p l a c e d at the end of an evacuated tube 4 m long and 
was moved c l o s e r to the measuring instrument as the i n t e n s i t y 
of the source decayed. T h i s was done i n order to keep the 
counting r a t e approximately constant. 
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The measuring instrument was a developmenit.t of 
Rutherford and Geiger's "pulse i o n i z a t i o n " counter. A 
h e m i s p h e r i c a l p i e c e of t h i c k copper sheet was kept at a 
high negative p o t e n t i a l . Alpha p a r t i c l e s entered through 
a s m a l l aperture of a c c u r a t e l y known dimensions and s t r u c k 
a c o l l e c t i n g e l e c t r o d e placed i n such a p o s i t i o n as to 
r e c e i v e them a l l . The showers of e l e c t r o n s produced when 
the alpha p a r t i c l e s passed through the gas ataaclmodera^ely 
low p r e s s u r e w i t h i n the hemisphere,we'r,e m u l t i p l i e d by the 
a c c e l e r a t i n g voltage and a l s o s t r u c k the el e c t r o d e . The 
counter, when f i l l e d w i th a i r at 40 mm pressure, counted a 
prop o r t i o n of beta and gamma r a y s as w e l l as alpha p a r t i c l e s ; 
but pure carbon dioxide or mixtures of 54^ or more carbon 
dioxide and a i r a t the same pressure allowed only alpha 
p a r t i c l e s to be counted,because i n these mixtures the 
primary i o n i z a t i o n of the alpha p a r t i c l e s was not m u l t i p l i e d 
s u f f i c i e n t l y to t r i g g e r the counter. The counting r a t e was 
between 30 and 50 per minute and the background counting r a t e 
was 6 per minute, which s e t a l i m i t to the accuracy of the expo.r 
experiment. The p u l s e s actuated a u n i f i l a r electrometer which 
gave a b a l l i s t i c throw to a spot of l i g h t on a g l a s s s c a l e . At 
f i r s t the throws were observed v i s u a l l y but there was a 
marked discrepancy between the r e p o r t s of the two observers. 
A va l u e of (3.72 * 0.02) x lO"*"^ alpha p a r t i c l e s / sec / gm was 
giv e n f o r the s p e c i f i c a c t i v i t y . I n a l a t e r experiment the 
movements of the spot of l i g h t were recorded photographically. 
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The r e s o l v i n g time of t h i s instrument was l / 5 sec 
approximately but t h i s was u n c e r t a i n . Since the c o r r e c t i o n 
f a c t o r involved f o r coincident pulses at the counting r a t e 
used i s 0.92, t h i s i m c e r t a i n t y c l e a r l y a f f e c t s the accuracy 
of the experiment. A p l o t of observed a c t i v i t i e s against 
counting r a t e was given by Lawson and Hess. When produced 
back to zero co\mting r a t e i t gave a value of 3.7 x 10^^ 
alpha p a r t i c l e s per sec per gm. As the authors admit, the 
accuracy of the experiment does not warrant saying more than 
t h a t the value l i e s above 3.6 and near 3.7 x 10^^ alpha 
p a r t i c l e s per sec per gm. 
The advantages of the method l i e i n the f a c t that only 
alpha p a r t i c l e s are counted, which was not the case i n 
e a r l i e r counters of t h i s tjrpe. Also i t e l i m i n a t e s the 
s u b j e c t i v e element i n v i s u a l observation by using photographic 
r e c o r d i n g . I n other r e s p e c t s i t s u f f e r s f r a n the general 
disadvantages of a gamma-ray s t a n d a r d i z a t i o n , a r a p i d l y 
decaying source, and a small aperture, that have been 
mentioned and from the p a r t i c u l a r disadvantages of a high 
background count and a long r e s o l v i n g time. 
( i i i ) Ward, Wynne-Williams and Cave (Ref.210) 
The source used i n t h i s experiment was s i m i l a r to that 
of Rutherford and Geiger i n that i t used a Batiara+ B'+ C + C' 
deposit and s i m i l a r to t h a t of Geiger'nand Werner i n the 
precau t i o n s taken to secure an a c c u r a t e l y measured beam. 
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The radium B + C + C' source was prepared by exposure of a 
source holder to radon and c a l i b r a t e d by means of i t s gamma 
a c t i v i t y , a decay curve being drawn. The source holder 
(A i n Pig.2) was plac e d i n an evacuated v e s s e l V containing 
an aperture B of known area, covered w i t h a mica window C. 
The source was covered w i t h a b r a s s cap D, containing a 
mica window E , to cut o f f a l l r e c o i l i n g n u c l e i . There was 
a l s o a s h u t t e r P which could cut o f f the d i r e c t beam and 
enable the backgroxind to be determined with the source i n 
p o s i t i o n . T h i s enabled c o r r e c t i o n to be made f o r the 
i o n i z a t i o n produced by the gamma r a d i a t i o n of the source, 
which of course passed only s l i g h t l y diminished through 
the s h u t t e r . 
The mica window over the aperture separated the source 
holder s e c t i o n from the measuring instrument s e c t i o n which 
was not evacuated but contained gas at a pressure of some cm 
of mercury. The alpha p a r t i c l e s were detected by means of 
the i o n i z a t i o n they produced. However the i o n i z a t i o n was 
not m u l t i p l e d i n the gas space ( a s i n the two methods j u s t 
d e s c r i b e d ) . The primary i o n i z a t i o ^ b i y was c o l l e c t e d on a 
wire p a s s i n g down the centre of the instrument. The applied 
e l e c t r i c f i e l d was s u f f i c i e n t to c o l l e c t the i o n i z a t i o n 
q u i c k l y but not s u f f i c i e n t to a c c e l e r a t e i t to the point 
where i t might cause c o l l i s i o n a l i o n i z a t i o n . The pulse 
produced by t h i s i o n i z a t i o n was then a m p l i f i e d by a valve 
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a m p l i f i e r to give a pulse capable of actuating head-phones 
or an e l e c t r i c pen. P u l s e s separated by l/lOO of a second 
were r e s o l v e d and there was an estimated s t a t i s t i c a l e r r o r 
of 0,2%, Beta p a r t i c l e s , w h i c h produce much l e s s i o n i z a t i o n , 
gave p r a c t i c a l l y no pulse and a u s e f u l check on the 
homogeneity of the alpha p a r t i c l e beam was given by the 
amplitude of the p u l s e s . Two p a r t i c l e s entering the counter 
simultaneously gave a pulse^bf double amplitude. Only 
radiiam C' alpha p a r t i c l e s and a small proportion of radi\am C 
alpha p a r t i c l e s were being used i n t h i s experiment and 
p a r t i c l e s w i t h s i g n i f i c a n t l y lower energies (producing 
s m a l l e r p u l s e s ) must therefore have been s c a t t e r e d from some 
s o l i d o bject. The backgro\ind coiinting r a t e of t h i s 
instrument was very low. 
Estimates were made of the e f f e c t of s c a t t e r i n g . I n 
the c o l l o d i o n s l i p , stopping power i mm, covering the source 
the number of p a r t i c l e s s c a t t e r e d out of the beam would be 
abopts!thil9ame as the n\amber s c a t t e r e d i n , and i n any case 
would be very small. The pressure of gas i n the space 
between the source and the aperture was v a r i e d without having 
an e f f e c t on the counting r a t e g r e a t e r than the normal 
s t a t i s t i c a l v a r i a t i o n ; so s c a t t e r i n g of p a r t i c l e s by t h e 
gas must have been n e g l i g i b l e . I t was considered p o s s i b l e 
t h a t the e f f e c t i v e s i z e of the aperture to alpha p a r t i c l e s 
might have exceeded the measured geometrical aperture by an 
amount not more than 0.3% of the t o t a l area. 
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The value obtained f o r the s p e c i f i c a c t i v i t y was 
3,66 X 10^^ ± 0.5% alpha p a r t i c l e s per sec per gm. 
The advantages of t h i s type of counter l i e i n i t s counting 
e f f i c i e n c y , which i s g r e a t e r than that of the Geiger type 
counter. With the l a t t e r there may not b o ^ u f f i c i e n t 
a m p l i f i c a t i o n i n the gas space to record a pulse. I n t h i s 
apparatus the only f u n c t i o n of the c o l l e c t i n g electrode i s to 
c o l l e c t the primary i o n i z a t i o n , which may be done with an 
e f f i c i e n c y of n e a r l y 100%. 
one disadvantage i s the indeterminacy i n estimating 
the s c a t t e r i n g of alpha p a r t i c l e s . This.occ\irs i n a l l 
methods where the sample i s mounted on a support and the 
beam of alpha p a r t i c l e s l i m i t e d by mieans of an aperture. 
Secondly, the coniparison w i t h a standard by means of gamma 
ray i n t e n s i t i e s has already been c r i t i c i z e d . But on the 
whole, t h i s work commands respect as one of the most c a r e f u l 
and r e l i a b l e of determinations. 
Counting P u l s e s of I o n i z a t i o n 
( i v ) Kohman, Ames and S e d l e t t (Ref, 2.11) 
We now pass to one of the most recent experiments, 
which has already been mentioned i n the general introduction. 
The source used by these workers v;as radium i t s e l f , d i r e c t l y 
weighed. T h i s was done to avoid the e r r o r s of a comparison 
by means of gamma a c t i v i t i e s , which the authors regarded as 
a grave source o f e r r o r . Samples weighing 3 mg and others 
weighing 50 v;ere used. R e s u l t s from each i n d i v i d u a l 
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sample agreed c l o s e l y , but r e s u l t s from d i f f e r e n t samples 
showed a s c a t t e r somewhat greater than the s t a t i s t i c a l l y 
probable e r r o r . The authors regarded the we^Ho^therefore 
as t h e i r biggest source of error. The sanples of RaCl2 
were d i s s o l v e d and poEtions containing from 0.1 to 0,5 
mi^ograms were p i p e t t e d on to f l a t platiniom d i s c s and 
evaporated c a r e f u l l y to dryness. They vrere examined under 
a microscope and those which showed that t^e deposit of 
any t h i c k n e s s extended to the edge of the d i s c were r e j e c t e d . 
The ^^jxaaitts should have weighed l e s s than 1 microgram but 
i n f a c t they appeared to contain s e v e r a l micrograms of 
m a t e r i a l which may have been platinum from the attack on 
the d i s c s of the i n t e n s e r a d i a t i o n and the d i l u t e a c i d i n 
which the sanples were d i s s o l v e d . The deposit was not 
smooth but arranged i n r i d g e s of up to 20 microns t h i c k 
and i n some p l a c e s up to 50 microns t h i c k . The range of 
radium alpha p a r t i c l e s i n most s o l i d s i s 25 microns, and 
the authors found no evidence of appreciable s e l f - a b s o r p t i o n ; 
and low-angle s c a t t e r i n g does not matter here. 
As soon as the d i s c s had been examined they were i n s e r t e d 
i n t o a p a r a l l e l p l a t e alpha counter which recorded a l l the 
alpha p a r t i c l e s l e a v i n g the upper surfaceof the sample. 
The e f f i c i e n c y of t h i s counter v/as determined by standardizing 
w i t h ^ Plutonium 239 source ,which had been p r e v i o u s l y 
determined i n a counter whose counting e f f i c i e n c y could be 
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a c c u r a t e l y c a l c u l a t e d from i t s geometry. The p a r a l l e l 
p l a t e counter had an e f f i c i e n c y scxnewhat greater than that 
i n d i c a t e d by the geometry f a c t o r . 0.515 of a l l the alpha 
p a r t i c l e s emitted were counted. T h i s was due to low-angle 
b a c k - s c a t t e r i n g from the sample d i s c and i t s holder. 
As w i t h a l l instruments that count i n d i v i d u a l p u l s e s , 
the p a r a l l e l p l a t e counter s u f f e r s frcxii having a period 
a f t e r each i n d i v i d u a l p ulse during which the counter r e t u r n s 
to i t s normal condition. P a r t i c l e s entering during t h i s 
p e r i o d w i l l not be recorded. T h i s period i s c a l l e d the 
r e s o l v i n g time or the recovery time, and although i t can be 
reduced to a very short period indeed i t can never be 
e n t i r e l y e l i m i n a t e d and a c o r r e c t i o n has always to be made. 
I n t h i s case the c o r r e c t i o n was up to 2% and the estimated 
e r r o r introduced by t h i s and other counting errors-was 0.1%. 
The counting continued f o r an eight-hour period. A l l , 
the radon and much of the s h o r t - l i v e d deposit was removed 
during evaporation of the radium s o l u t i o n . As _radon b u i l t 
up and the s h o r t - l i v e d deposit i n i t i a l l y present decayed, 
the curve of a c t i v i t y v e r sus time tended to the t h e o r e t i c a l 
growth curve. I n c a l c u l a t i n g these growth ciurves the 
Bate man equations had to be modified by introducing two 
f a c t o r s to allow f o r ( a ) radon emanating from the s o l i d , 
which i s p r o p o r t i o n a l to the concentration of radon at any 
given moment, and (b) f o r r e c o i l i n g atoms of radon which 
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escaped frcm the s o l i d at a r a t e depending on the r a t e of 
decay of radium. Other r e c o i l i n g atoms were charged and 
were r e c o l l e c t e d on the source p l a t e . The l o s s due to 
d i f f u s i o n of radon out of the s b l i d was small. The curve 
was not s e n s i t i v e to t h i s f a c t o r during the f i r s t eight 
hours and a constant c o r r e c t i o n could be applied. The 
r e c o i l l o s s f a c t o r had to be determined f o r each sample. 
T h i s was done by drawing a s e r i e s of growth curves f o r 
d i f f e r e n t v a l ues of the r e c o i l l o s s f a c t o r and f i t t i n g the 
experimentally observed curve. Various degrees of f i t 
were d i s t i n g u i s h e d and s t a t i s t i c a l weight given to the b e s t . 
A snS-ler apparent r e c o i l l o s s was observed f o r those 
measurements which were c a r r i e d out over a shorter period 
of time, but no reason could be found f o r t h i s . 
A value of (3.608 + 0.028) x lO-'-^ alpha p a r t i c l e s per sec 
per gm was given f o r the s p e c i f i c a c t i v i t y of radium. 
The advantages of the method to which the authors c a l l 
a t t e n t i o n i n c l u d e the avoidance of a gamma-intensity 
c a l i b r a t i o n , the use of radium as a source, and the avoidance 
of some of the indeterminate c o r r e c t i o n s that are fovmd i n 
the ' i n d i r e c t ' methods. An a d d i t i o n a l advantage i s the 
s t r a i g h t f o r w a r d counting arrangement which determines a l l 
the alpha p a r t i c l e s emitted over a whole hemispherical a r c . 
However there are v a r i o u s disadvantages apparent i n the 
method. The l a r g e r e c o i l l o s s and the f a c t that i t i s not 
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constant make i t important that the e f f e c t should be allowed 
f o r properly. The process of matching curves i s not a very 
s a t i s f a c t o r y one and, as the authors admit, s a t i s f a c t o r y 
curves could not always be obtained. The experimental 
curves already d i f f e r e d from the t h e o r e t i c a l because of the 
decay of s h o r t - l i v e d deposit i n i t i a l l y present. Also the 
s u b j e c t i v e c r i t e r i o n introduced to determine whether or not 
a source was s a t i s f a c t o r y gives r i s e to the p o s s i b i l i t y that 
some of the p l a t e s which were passed as s a t i s f a c t o r y had i n 
f a c t l o s t radium. Also the method of determining the 
e f f i c i e n t y of the p a r a l l e l p l a t e c m n t e r a t t r a c t s a t t e n t i o n . 
The counter was standardized by a source which had been 
p r e v i o u s l y determined i n a counter of known e f f i c i e n c y . 
But i t i s extremely d i f f i c u l t to be c e r t a i n of the e f f i c i e n c y 
of any counter. There i s no way of being c e r t a i n that every 
alpha p a r t i c l e i s i n f a c t recorded n e i t h e r can one be 
c e r t a i n that no s c a t t e r i n g occurs. I n f a c t the problem of 
a 100% e f f i c i e n t counter i s a c r u c i a l one f o r a l l the methods 
descr i b S d i n C l a s s 11. Kohman r e f e r s to Kovarik and Adams 
(Ref. 2,11b) who described a c o l l i m a t i n g g r i d f o r a f l a t 
source and gave a method of analysing the e f f i c i e n c y of t h i s 
as a source. Kohman used such an arrangement f o r c a l i b r a t i n g 
plut 
h i s '^ionium source but does not e x p l a i n how the counting 
e f f i c i e n c y of the coxuiter used with t h i s c o l l i m a t i n g g r i d was 
determined. 
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Nevertheless, t h i s experiment has some important 
advantages over a l l others and ranks as one of the most 
important of the determinations of the h a l f - l i f e of radixm. 
it) C l a s s 11 Determinations of S p e c i f i c A c t i v i t y ; I n d i r e c t 
( a ) T r a n s f e r of charge 
(1) Rutherford (Ref. 2,12) 
T h i s was one of the E a r l i e s t determinations of the 
s p e c i f i c a c t i v i t y of radium. Alpha p a r t i c l e s from a t h i n 
f l a t deposit of radium were allowed to s t r i k e a p a r a l l e l 
c o l l e c t i n g p l a t e and the r a t e of t r a n s f e r of e l e c t r i c charge 
was measured. The charge on the alpha p a r t i c l e was assumed 
to be that of a s i n g l y charged iTsQcogen ion. A s o l u t i o n of 
radium branide was spread evenly on a p l a t e of "aluminium or 
g l a s s and evaporated to dryness i n order to provide a source 
which was too t h i n to absorb any alpha p a r t i c l e s . T h i s 
procedure removed a l l radon and the minimum alpha a c t i v i t y s 
which was reached a f t e r three hours could be regarded as due 
e n t i r e l y to radi\jm. The c o l l e c t i n g p l a t e was a copper box 
and the whole apparatus was evacuated. I n e a r l y experiments 
the e f f e c t of the alpha p a r t i c l e s was completely masked by 
secondary e l e c t r o n s . These were removed by applying a strong 
e l e c t r i c f i e l d at r i g h t angles to the path of the alpha 
p a r t i c l e s which caused the e l e c t r o n s to r e t u m i n a curved 
path to the p l a t e from which they s t a r t e d . There was s t i l l 
an appreciable current flowing due to the i o n i z a t i o n of the 
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r e s i d u a l gas. T h i s current could be reversed by applying 
an opposite voltage to the source p l a t e , the alpha p a r t i c l e 
c u rrent being not appreciably a f f e c t e d . The source used 
was c a l i b r a t e d by comparing i t with a standard radium sample 
u s i n g the gamma a c t i v i t y due to radium C. 
The r e s u l t s obtained by Rutherford, when corrected 
u s i n g more recent values f o r the charge on the e l e c t r o n were 
so much lower than those of other workers as to render the 
experiment of h i s t o r i c a l i n t e r e s t only. 
T r a n s f e r of charge: 
( i i ) Braddick and Cave (Ref.2.13) 
The p r i n c i p l e of the method i s the same as that of the 
experiment j u s t d escribed, and the source was a radium C 
and Ra C' deposit, whose emitted alpha p a r t i c l e s were passed 
through a small aperture i n the same manner as i n the work of 
Ward, Wynne-Williams and Cave, described i n an e a r l i e r section. 
The source holder was much nearer the aperture i n t h i s work 
and an e f f e c t i v e s o l i d angle of aperture f o r the source as a 
whole was c a l c u l a t e d by the method of zonal harmonics. 
The measuring instrument c o n s i s t e d of an evacuated 
v e s s e l c o ntaining a shallow copper box, f a c i n g the incoming 
alpha p a r t i c l e beam. The box was connected to a Compton 
electrometer which was used as a n u l l reading instrument by 
bal a n c i n g the growing voltage on the box with a known voltage 
from a p o t e n t i a l d i v i d e r . The capacity of the c o l l e c t i n g 
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system had "been accurately measured and the rate of increase 
of charge on the collecting plate could thus he accurately 
measured. An applied magnetic f i e l d was used to deflect 
a l l heta p a r t i c l e s and i t was found that t h i s could he done 
without appreciahly affecting the stream of alpha p a r t i c l e s . 
Braddick and Cave also found that the alpha p a r t i c l e current 
was not affected hy varying the potential of the collector 
plate within quite wide l i m i t s . At f i r s t anomalous res u l t s 
were ohtained due to the emission of delta ray electrons from 
the f l a t c ollector plate at glancing angles along the l i n e s 
of the magnetic f i e l d , hut after the plate was changed to a 
shallow hox t h i s no longer occurred. The collector was of 
very t h i n copper f o i l , s u f f i c i e n t to stop a l l alpha p a r t i c l e s 
hut too thin to c o l l e c t andappreciahle nunSDer of heta 
p a r t i c l e s or to permit an appreciahle photo e l e c t r i c effect 
caused hy gamma rays. -
Braddick and Cave gave a vialue of 3.68 x 10^^ alpha 
p a r t i c l e s per sec per gm after the f i r s t series of experiments 
hut l a t e r changed i t to 3.69 x lO"'-'^  ± 1% alpha p a r t i c l e s 
per sec per gm. Using more recent r e s u l t s forthe value of 
the charge on the electron, Kohman has corrected t h i s l a t t e r 
figure to 3.67 x IQ-'-^  alpha p a r t i c l e s per sec per gm. 
The advantages of t h i s method l i e i n the simplicity of 
the recording apparatus. There heing no triggered pulse 
mechanism, there i s no recovery time during which p a r t i c l e s 
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cannot be recorded, therefore a larger source and a larger 
f l u x of p a r t i c l e s can "be used. 
The disadvantages are: 
1. the assumption that a l l the alpha p a r t i c l e s carry a 
double positive charge. 
2. The effect of electrons i s comparatively large. In 
a counter depending on s c i n t i l l a t i o n s or ionization or 
heating e f f e c t s , the influence of electrons i s small, but 
here the loss or gain of one electron at the collector has 
h a l f the effect of an alpha p a r t i c l e . The emission of 
secondary electrons from the collecting plate i s possible 
even with the precautions thatnwere taken. Electrons 
a r i s i n g from the gaflmia radiation which penetrates to a l l parts 
parts of the apparatus may st r i k e the collecting plate or be 
driven from the c o l l e c t i n g plate, hence i t i§ important to 
conduct an accurate background count with the source in 
position and the alpha p a r t i c l e beamcintetruptede'Byb.a shuM^rs"! 
This was i n f a c t done. 
3. The effect of scattering alpha p a r t i c l e s i s not large 
with the large aperture used, but the authors give no 
estimate of what i t might be. 
4. The usual objection can be lodged against the 
standardization of the source by a gamma ray comparison. 
This experiment gave a r e s u l t i n agreement with that of 
Ward, Wynne-Williams and Cave to within 0.39^  and appears 
to be among the most r e l i a b l e . 
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(h) Measurement of Total IQnization Produced, 
( i ) Ziegert (Ref.2.14) 
A value for the s p e c i f i c a c t i v i t y of radium arise s 
almost incidentally out of work done hy H. Ziegert, and a 
re s u l t ohtalned hy Ponovits-Smereker (Ref.2J.5). The former 
measured accurately the niimher of ion pairs produced hy a 
single alpha p a r t i c l e and used the l a t t e r ' s value for the 
ionization current produced hy the radium C' i n eq\ailihrium 
with a known amount of radium to arrive at a value for the 
spedfic a c t i v i t y of radium. 
I n Ziegert *s work a layer of radioactiveihaterial was 
spread on the inside surface of a metal sphere whose diameter 
was larger than the alpha-particle range at the gas pressure 
used (usually one atmosphere of carhon dioxide). A 
calculahle proportion of the emitted alpha-particles came to 
rest i n the gas-space within the sphere and the ionization 
caused i n th^ gas during the passage of these p a r t i c l e s was 
the same for a l l p a r t i c l e s of a given nuclear species. 
This ionization was collected on a wire i n the middle of the 
sphere \xnder the influence of a strong e l e c t r i c f i e l d . The 
wire was connected to the needle of an instrument resemhling a 
quadrant electrometer and each alpha p a r t i c l e causes a 
deflection of the electrometer. The capacity of the 
electrometer wire and i t s deflection under a known voltage 
was carefuILy meas\ired, so that the deflection provided a 
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measure of the change of e l e c t r i c charge on the wire i n the 
sphere. I t was shown that the apparent ionization produced 
iDy a single p a r t i c l e was more or l e s s independent of the 
col l e c t i n g f i e l d over a wide range, Indicating that a l l the 
ionization was collected with a moderate f i e l d . A large 
numlDer of deflections of the electrometer were analysed 
s t a t i s t i c a l l y . I t was found that a large proportion of 
them were deflections of the same well defined magnitude 
corresponding to alpha p a r t i c l e s that came to rest i n the 
gas-space. Deflections of smaller magnitude were due to 
alpha- p a r t i c l e s which struck the walls "before the end of 
thei r f l i g h t . Any larger deflections would "be due to 
alpha p a r t i c l e s from contaminants or decay products. Prom 
the magnitude of the preferred deflection Zlegert calculated 
that 1.36 X 10^ ion p a i r s are produced "by the radium alpha 
p a r t i c l e . 
We must also consider the work of Ponovits-Smereker. 
She used a radi\im C + radium C' source on a f l a t piece of 
gold f o i l and calibrated i t by a comparison of gamma ac t i v i t y 
with a standard source. She estimated a 1.5% error i n t h i s 
determination due to the background radiation of the laboratory. 
The gold f o i l was placed on the lower of a pair of p a r a l l e l 
plates which were separated "by a distance greater than the 
range of the alpha p a r t i c l e s . The ionization current was 
measured for various values of the e l e c t r i c f i e l d between the 
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plates and for various values of the distance hetween the 
plates. By covering the source with a piece of l e a f - t i n , 
alpha p a r t i c l e s could he cut out and the ionization due to 
heta p a r t i c l e s and gamma rays was thus estimated as 6% of 
the t o t a l . Different r e s u l t s were ohtained using different 
metals as holders of the Radi\am C source. Gold was found 
to he the hest. 
I t was found that a saturation ionization current of 
1.952 X 10^ e.s.u. was produced hy the Ra C i n equilihriiom 
with 1 gm of radi\im. Using t h i s result with his own, and 
making use of an equation connecting the t o t a l ionization of 
any alpha p a r t i c l e to the 2/3 power of i t s range (Ref. 2.16) 
Ziegert derived a value for the ionization charge produced 
hy a single radi-um C' alpha p a r t i c l e and hence found for the 
sp e c i f i c a c t i v i t y of radium 3.71 x 10"^ ^ alpha p a r t i c l e s per 
gm per sec. 
The advantages of the ionization current measurement 
are that alpha p a r t i c l e s produce far more ionization i n a 
small gas space than do heta or gamma rays, so that the effect 
of the l a t t e r i s l e s s than, say, i n the measurement of charge 
d i r e c t l y carried. The measurement i s more exact than that 
of heat produced, and there i s not the 'recovery time' 
\mcertahty that there i s i n pulse ionization counters. 
The disadvantages of these two experiments, which must 
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be considered together for our purposes, l i e mostly i n the 
measurement of ionization current, which i s open to the 
c r i t i c i s m s , (a) that the gamma standardization of the source 
i s only accurate to within l^o and (b) that no correction i s 
made for ionization due to recoiling nuclei and to alpha 
p a r t i c l e s scattered at low angles from the metal supporting 
the source. The l a s t effect may be considerable, as 
Kohman, Ames and Sedlett found. Zlegert's own measurement 
i s limited by the accuracy (1%) with which the magnitude of 
the electrometer deflections can be measured, and the thickness 
of the source (which i s not mentioned i n the paper but i s 
probably negligible). Apart from these considerations the 
measurement of Zlegert appears very r e l i a b l e . Great v/elght 
should not be given, however, to the f i n a l value for the 
s p e c i f i c a c t i v i t y . 
( c ) Heating E f f e c t s . 
( i ) Hess (Ref. 2.17) 
I n 1912 Hess car r i e d out a careful experiment on the 
heating effect of radon and i t s decay products. A sample of 
radium chloride was analysed and c r y s t a l l i z e d ; i t weighed 
670.1 mg. I t was sealed and inserted i n one of two identical 
calorimeters i n an insulated box. I n the other calorimeter 
was a heating c o i l which was adjusted to keep the two 
calorimeters at the same temperatxire. The rate of heating 
was plotted as the daughter products of the radium grew. 
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After a month and a half a vaibue for the equilihrixam heating 
was ohtained hy extrapolation. Using the formula: 
Q = Q(Ra) + Q(B) ( l ) - e "^*) 
where Q(Ra) i s the rate of heating due to radiiam and Q ( E ) 
i s the rate due to the daughter products (\ of course i s the 
radioactive constant of radon) values for Q(Ra) and Q( E ) 
were ohtained. I t was assiamed that a l l the heta rays and 
18?^ of the gamma rays were ahsorhed within the calorimeter. 
Hess then assumed a value, 3.4 x lO-'-^  alpha p a r t i c l e s per 
sec per gm, for the s p e c i f i c a c t i v i t y of radium and derived 
a value of 1.59 x 10^ cm per sec for the velocity of the 
radium alpha p a r t i c l e on,emission. Using current values of 
the disintegration energy of radium,;TA. a value of 3.75 x 10"^^ 
alpha p a r t i c l e s per sec per gm for the sp e c i f i c a c t i v i t y has 
heen derived from Hess' figures, hy Kohman. (Ref. 2.11). 
The method of measuring the heating effect avoids a l l 
•geometric factors involved i n mo\inting a sample. A l l alpha 
p a r t i c l e s are measured with complete efficiency, and the 
d i f f i c u l t i e s of recovering helium are also avoided. However, 
a very large radi\xm sample i s needed to provide sufficient 
heat to measure and a large number of assumptions have to he 
made concerning the heating contrihutions of heta p a r t i c l e s , 
gamma rays and r e c o i l nuclei. 
( i i ) Watson and Henderson (Ref, aiS) 
This work WaS vindertaken to show whether or not there 
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was any extra heating effect i n radioactive decay apart 
from that due to the ki n e t i c energy of alpha p a r t i c l e s , 
r e c o i l atoms, beta rays and the heating effect of gairnna rays. 
The authors had previously made a comparison of the alpha 
a c t i v i t y of radium G + C and thorium 0 i n terras of 
equivalent gamma a c t i v i t i e s . Using t h i s comparison and 
assuming the s p e c i f i c a c t i v i t y of radium to be 3.7 x lO"^^ 
alpha p a r t i c l e s per sec per gm (after Lawson and Hess, (Ref.2.9J 
they calculated heating rates for radon alone, Radliam B, 
radium C and radium C' together, radium C & C' separately, 
thorium B and thorium C together, and thori\am C only. 
Corrections to allow for decay and estimates of the fraction 
of b)eta and gamma rays absorbed i n the apparatus were made. 
The v e l o c i t i e s of the alpha p a r t i c l e s were derived from 
Geiger's rule v^ = kR and from the value of 1.922 x 10^ cm 
per sec given loy Rutherford and RolDlnson for the velocity 
of the alpha p a r t i c l e from radliim C . 
Watson and Henderson then measured the heating effect 
for the f i v e cases above, using two iden t i c a l Insulated tubes, 
whose temperatures were compared with two identical platinum 
resistance thermometers f i t t e d i n adjacent arms of a Wheatstone 
Bridge network. One tube served as a control, into the 
other was placed a radioactive source; and the heating effect 
was olDserved. The source was then replaced by a small 
heating c o i l , the current through which was adjusted u n t i l an 
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i d e n t i c a l heating effect was ohtained. Corrections for the 
time-lag of the apparatus, for conduction along the leads of 
the heating c o i l , for possihle thermoelectric effects, etc. 
were made. 
The ohserved r e s u l t s were hetween 98,4% and 99,2% of 
theoretical for the radium family, and 101.4% and 102% of 
theoretical for the thorium family. The thorium figures may 
he accotmted for hy the error i n ccmparison of s p e c i f i c 
a c t i v i t i e s . The authors stated that the high degree of 
agreement hetween theoretical and ohserved radium figures 
supported Hess and Lawson's figure; 3.72 x 10"^ ^ XS"^*/ 
hut they did not derive any value of t h e i r own on the hasis 
of the experiment. I f they had done so, presumahly i t would 
have heen l e s s than that of Hess and Lawson i n the ratiouof 
ohserved to calculated figuces giving a value of 3.68 x 10"^ ^ 
alpha p a r t i c l e s per sec per gm. Using currently accepted 
values for alpha p a r t i c l e energies the value found i s 3.63 x 10"^ 
alpha p a r t i c l e s per sec per gm. However the fact that the 
authors regarded a 1% discrepancy hetween ohserved and 
theoretical values as within the l i m i t s of e2i>erimental error 
show that the r e s u l t s do not warrant the placing of any great 
emphasis on the value. 
The method i s an inrprovement upon Hess' i n that the 
various constants are more accurately known. A correction i s 
made for the heating effect of r e c o i l i n g nuclei, and tl© 
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calorimetric measurements are more r e l i a b l e . The principle 
soiirces of error are the \incertalnty i n the percentage of 
beta and gamma ray energy a'bsorbed, the uncertainty i n the 
correction for the lag of the apparatus with a rapidly 
decaying source, and the indeterminacy of the exact alpha 
p a r t i c l e energies. 
( H i ) Mann (Ref. 2.22) 
Since the conclusion of t h i s work, a series of papers 
has been published by Mann and h i s co-workers describing a 
new gnd extremely accurate determination of the rate of heat 
production of radium. A pai r of microcalorimeters was u«ed 
and the heating effect of a radioactive source i n one 
calorimeter was balanced by the cooling effect of a P e l t i e r 
junction sealed to the bottom of the source holder. The 
same current passed through a P e l t i e r junction i n the other 
calorimeter and caused a heating effect. These effects were 
approximately the same and the difference was measured by 
means of a six-junction thermocouple i n each calorimeter, 
arranged i n se r i e s i n opposite senses, and i n series with a 
galvanometer of known s e n s i t i v i t y . The source was then 
moved to the other calorimeter and the P e l t i e r current was 
reversed. The galvanometer deflection was again observed. 
The one cup then gained 2 PC i n P e l t i e r heating (where C was 
the current and P the P e l t i e r coefficient) and the other cup 
lo s t 2 PC. This difference was equal to the heating effect 
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of the source plus or minus the difference i n galvanometer 
readings. This method eliminated uncertainties due to Joule 
heating i n the P e l t i e r junction. 
The P e l t i e r junctions were calihrated hy means of heating 
c o i l s similar i n shape and heat output to the radi\im sources 
used. These sources were the American and B r i t i s h National 
Standards prepared hy Hoenigschmidt i n 1934. The mass of 
radium element present, as o r i g i n a l l y given hy Hoenigschmidt, 
was corrected to allow for decay of radi-um using a h a l f - l i f e 
value of 1620 years. (This i s a small correction, and the 
value for the mass i n 1954 i s not appreciahly affected hy the 
\mcertainty i n the value of the h a l f - l i f e ) . An average value 
of 165.83 jtCn/roQ of radium was found. Prcm t h i s was 
suhtracted a correction to allow for the energy production 
of the polonium and radium E which would have h u i l t up, giving 
151. 36 /tw/mg on . 30.20 c a l / gra / hr for radi\im and 
daughters down to Ra D. 
The ganma ah sorption of the source i s equivalent to 
0.184 cm of lead. Using resiolts of Zlotowski (Ref. 2,23), 
t h i s was corrected to an ' .'^'linfinite' thickness of adsorher, 
giving 138.6 cal/gni/hr - 0.5%, 
To derive a value of the s p e c i f i c a c t i v i t y one can sum 
the energies of the emitted alpha and heta p a r t i c l e s i n the 
decay chain fron Ra to Ra D which are a l l i n equilihrium. 
The hranch chain i s negligihle for these purposes. Th^heta 
- 40 -
rays and gamma rays are assumed to be a l l absorbed and 
values for the decay energies were obtained from Landolt -
t t 
Bomsteln (1952). 
The t o t a l energy produced i s 
28.24 Mev /disintegration of radium 
= 1.081 X 10"-^^ cals./disIntegration of radium 
The rate of heat production i f a l l gamma rays are 
adsorbed i s 138.6 cals/gr/hr. 
Therefore there are 3.563 x lO-*-^  disintegrations/sec/piw. 
This value i s even lower than Kohman's 3.61 x 10-^ ^ and 
therefore Mes outside the best recent r e s u l t s . 
This i s probably due to incomplete adsorption of the 
beta rays of Ra C I n the thin-walled calorimeters, or 
possibly a larger correction should have been made for 
incomplete absorption of the gamma rays. The calorimetric 
method I t s e l f appears to be extremely sound, 
(d) Volvmie of Heldiimi Produced. 
(1) Dewar (Ref. 2.19) 
We come now to the method which.was adopted i n the work 
to be described i n tlSs thesis. The advantages of the helium 
method w i l l be summarized separately i n the next paragraph. 
I t depends on the fact that alpha p a r t i c l e s , being helium 
nu c l e i , produce minute quantities of gaseous hell\am on 
coming to re s t . Helium i s chemically inert and can be 
removed from the radio-active material and estimated 
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volimietrically. The amounts produced are extremely small 
and a l i m i t to the experiment i s set hy the accuracy with 
which small quantities of helium can he measured. 
Dewar used a McLeod gauge, the hulh of which had heen 
calihrated hy an expansion method. The closed stem was 
cali h r a t e d using a thread of mercury. Quantities of s o l i d 
anhydrous radium s a l t s of the order of 100 mg were allowed to 
stand for periods of 80 days or more. The heli\im was then 
released hy heating the s o l i d s a l t and some 6 - 1 0 cu. mm 
(at N.T.P) of gas were produced which was measured with 
accuracy i n the McLeod gauge. A temperature of 450° wgs 
required to drive out a l l the helium. By repeating the 
process at i n t e r v a l s of a few days, Dewar showed that the 
t o t a l volume of gas increased steadily with time. 
I n the f i r s t experiment the r e s u l t s indicated a value of 
3,88 X 10"^ ^ alpha p a r t i c l e s per sec per gm for the s p e c i f i c 
a c t i v i t y of radium and the second experiment gave 3.70 x 10"^ ^ 
alpha p a r t i c l e s per sec per gm. (These are calculated from the 
rate of helium emission using the most recent values of the 
Loschmidt n\amher). 
The hig disadvantage of Dewar's method was that no 
provision was made for removing hydrogen. Dewar himself 
pointed t h i s outiln the second paper. There may have heen 
organic matter or water on the walls of the apparatus and i n 
the s a l t which would have produced appreciahle quantities of 
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hydrogen under alpha p a r t i c l e bombardment. This experiment 
i s one of the e a r l i e s t and a high degree of accuracy i s not 
to be expected. 
Volume Jbt helium. 
( i i ) Rutherford and Boltwood (Ref. 2.20) 
This experiment v/as similar to that described above. 
The measuring instrument was a McLeod gauge calibrated i n a 
sim i l a r manner. The quantities of radiimi s a l t and the 
periods of accumulation of helium were of roughly the same 
order. Boltwood and Rutherford, however, took considerable 
care to remove hydrogen from the heliiam. The gases were 
sparked with oxygen and passed together with oxygen over 
heated copper oxide, the excess oxygen and a certain fraction 
of the helium then being absorbed on charcoal at l i q u i d 
nitrogen temperatures. The fraction of helium absorbed i n 
the charcoal tube under standard conditions was detemined 
i n a c a l i b r a t i o n experiment. I n one experiment Boltwood 
and Rutherford expelled the helium by heating the s o l i d s a l t 
and showed that the build-up of gamma ray a c t i v i t y i n the 
s a l t subsequently was what would have been expected had the 
radon been completely expelled. Therefore there i s l i t t l e 
doubt that the helium was also expelled from the s a l t . I n 
a second experiment the radium chloride was dissolved i n 
hydrochloric acid for 80 days and the helium removed by 
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pumping under vacuum. 
The average r e s u l t of these two experiments (corrected 
using the most recent value of the Loschmidt n"umher) was 
3.3 X 10-^ ^ alpha p a r t i c l e s per sec per gm. 
The method i s an improvement on that of Dewar i n that 
contaminating hydrogen i s removed and attention i s given to 
the compaiete extraction of helium. However, the result i s 
lower than most values and the question arises whether some 
helium was l o s t from the system. I f recoiling radon nuclei 
escaped from the s o l i d s a l t or diffused out of the sSition, 
there would he a good chance of the alpha p a r t i c l e s from the 
decay of t h i s radon s t r i k i n g the walls of the vessel and 
heing l o s t . Also some alpha p a r t i c l e s from the outer layers 
of the radiiam s a l t would he hrought to rest i n the walls and 
so l o s t . As with Dewar's work t h i s experiment i s mostly 
of h i s t o r i c a l i n t e r e s t . 
Helltmi evLolved. 
( i i i ) Qunther (Ref. 2.21) 
This experiment hears a close resemblance to that which 
forms the suhject of t h i s t h e s i s . The methdd of analysis 
used was that f i r s t used hy Paneth and Peters and was capahle 
of measuring 10"^ ml of helitam with an accuracy of 1%. 
Gunther used a vessel of Jena glass which was f i l l e d to the 
top with radium solution. Radon was removed, then helixim 
was allowed to accumulate for a period, after which i t was 
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swept out with e l e c t r o l y t i c gas and analysed. 
The radium used was standardized beforehand; i t was 
sealed into an ampoule of the same wall thickness as that 
containing a standard sample. The two were then compared by 
the i n t e n s i t i e s of gamma ray a c t i v i t y . 
The experiment was intended only as a check on the 
accuracy of the method which had been used for other h a l f - l i f e 
determinations. A value of 3.67 x lO'''^  alpha p a r t i c l e s per 
sec per gm for the s p e c i f i c a c t i v i t y of radium was reached, 
but the fact that t h i s was regarded as i n good agreement with 
the value most vddely accepted at the time (3.7 x 10^^) shows 
that the probable margin of error of Qunther's work was well 
over 1%, 
The method of measuring heliiim was a great improvement 
on that of Dewar. I t s further improvement by Qlueckauf was 
the basis of the work to be described. 
( f ) Advantages of the Hellxim Method. 
The method, which was explored i n t h i s work, of 
measuring the volume of helium produced from a radivim 
solution possesses a number of advantages over most of the 
methods used previously for the determination of the h a l f - l i f e 
of radium. These are as follows: 
(1) A direct count i s made of the alpha p a r t i c l e s themselves 
i n the form of helliam atoms. The measurement i s not 
dependant on any property of the emitted alpha-particles, 
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t h e i r i o n i z i n g p r o p e r t i e s , t h e i r energy of emission, or 
t h e i r t r a n s f e r of e l e c t r i c charge. Moreover no assumptions 
have t o be made ahout the charge on a sin g l e p a r t i c l e , i t s 
energy or exact range, or i t s equal p r o h a h i l i t y of emission 
i n any d i r e c t i o n . The only assumption i s t h a t an alpha-
p a r t i c l e i s a helium nucleus which on-coming t o r e s t w i l l give 
a helium atom, and t h a t i t s range i n water i s small ( o f the 
order of 0.01 cm). 
( i l ) The absolute measurements are simple volumetric ones. 
There i s no co\inting device of \incertain and indeterminate 
e f f i c i e n c y . 
( i i i ) Heli\am i s very e a s i l y handled chemically and can he 
separated without great d i f f i c u l t y from other substances. 
( i v ) The technique of measuring m i c r o - q u a n t i t i e s of helium 
has been w e l l established. I t i s possible t o check most 
stages of the measurement t o make sure t h a t the apparatus i s 
g i v i n g accurate r e s i j l t s . The subjective element i s not l a r g e , 
being i n v o l v e d only i n observing d e f l e c t i o n s of a m i r r o r 
galvanometer, i n measuring a pressure d i f f e r e n c e w i t h a 
cathetometer, and i n s e t t i n g various columns of mercury 
accurately t o known heights. 
(v) The measurement may be repeated i n d e f i n i t e l y by repeated 
e x t r a c t i o n of helium from the one radiTom s o l u t i o n . 
(±1) The handling of a c t i v e samples i s cut down t o a minimum. 
Once the radi\am i s diss o l v e d i t need not be manipulated again. 
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There i s no e r r o r introduced "by the mounting of a sample 
on a support of apy s o r t w i t h the attendant d i f f i c u l t i e s of 
absorption and s c a t t e r i n g . 
( v i i ) The measuring s e c t i o n of the apparatus i s not 
contaminated hy radon or hy r e c o i l i n g n u c l e i . 
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CHAPTER 111 
GENERAL OUTLINE OP THE METHOD. 
The radium was contained i n a s o l u t i o n of a s u i t a b l e 
s o l v e n t , the volume of the s o l u t i o n being large enough t o 
ensure t h a t over 99.5% of the a l p h a - p a r t i c l e s came t o r e s t i n 
the body of the s o l u t i o n . Radium c h l o r i d e dissolved i n 
d i l u t e h y d r o c h l o r i c a c i d or radium sulphate i n 95% sulphuric 
a c i d was used f o r most of the work. The s o l u t i o n was freed 
from radon and s h o r t - l i v e d a c t i v e deposit by blowing a 
c a r r i e r gas through the s o l u t i o n continuously f o r eight hours. 
Helixam was then allowed t o accumulate f o r a period o f one or 
two days. The r a t e at which i t accumulates i s governed by 
the d i s i n t e g r a t i o n constants of the daughter products (which 
were a l l known w i t h good accuracy), the mass of radium 
present (which had t o be determined) and the s p e c i f i c 
a c t i v i t y of radium. At the end of the period of accumulation 
the helium was removed from s o l u t i o n by passing c a r r i e r gas 
and was measured i n the apparatus described by Glueckauf, 
(Ref. 5.1), which i s capable of measuring 5 x 10 ml of 
helium w i t h a margin o f e r r o r of less than 0.4%. 
For convenience a t a b l e of the relevant p o r t i o n s of 
the uranium (4n+2) decay series i s here reproduced: 
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TABLE 11 
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Radium D, radium E and polonium were removed before 
using the radium s o l u t i o n and because the h a l f - l i f e of Ra D 
i s l o n g , radium E and polonium d i d not accumulate i n 
s i g n i f i c a n t q u a n t i t i e s during the co\irse of the work. 
Radium D was e f f e c t i v e l y the end product, and there were no 
alpha p a r t i c l e s due t o polonium. 
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Radium on decaying gives f i r s t an. alpha-active rare 
gas, radon, which then produces a s h o r t - l i v e d producl^of 
e f f e c t i v e h a l f - l i f e about half-an-hour, which in.turn;:,emits 
two more alpha p a r t i c l e s and gives a l o n g - l i v e d product, 
radi\am D. The existence of a branched decay chain at t h i s 
p o i n t does not a f f e c t the production of a l p h a - p a r t i c l e s . 
The only members o f the series which are conspicuously gamma 
a c t i v e are radium i t s e l f and radium C. The gamma a c t i v i t y 
due t o radium C i s f a r more intense and has a greater 
p e n e t r a t i n g power than t h a t due t o an e q u i l i b r i u m amount of 
radium. By the use o f a lead screen of 1 - 2 cm thickness, 
the i n t e n s i t y of the gamma r a d i a t i o n due t o radi\im (and a l l 
beta r a d i a t i o n ) can be reduced t o n e g l i g i b l e proportions 
w h i l e s t i l l a l l o w i n g an i o n i z a t i o n due t o radiiam C gamma 
rays t h a t can be e a s i l y measured. This f a c t was used t o 
check the completeness of removal of radon and s h o r t - l i v e d 
deposit at various stages. 
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CHAPTER IV 
CONSIDERATION OP VARIOUS PACTORS 
AFFECTING THE ACCURACY. 
(<*^ ) Removal of Radon (/3) Bateman Factors 
("JT) Maintenance o f Radl-um i n S o l u t i o n 
if) The Period of Helium Accumulation 
( f ) Keeping the Radon i n S o l u t i o n 
(5) Removal of Helium 
( i j ) C o r r e c t i o n f o r a l p h a - p a r t i c l e loss 
{<) Removal o f Radon. 
I n order t o know what f r a c t i o n of the helium produced 
i n the s o l u t i o n i n a given time was due t o the «l- decay of 
radium, i t was necessary t o know how much radon and shor t -
l i v e d deposit was present i n the s o l u t i o n at any time. 
One might have s t a r t e d from equ i l i b r i i a m conditions; however 
the e q u i l i b r i u m was di s t u r b e d by each measurement and i t 
would have r e q u i r e d a month f o r e q u i l i b r i u m conditions t o be 
re- e s t a b l i s h e d . I t was bttber, t h e r e f o r e , t o ensure t h a t 
i n i t i a l l y there was only radium and l o n g - l i v e d deposit 
present. 
This was achieved by continuous removal of radon f o r a 
p e r i o d of some hours; the removal was as r a p i d as possible 
so t h a t the number of radon atoms decaying while s t i l l i n 
the s o l u t i o n was very small. During t h i s p e riod a l l the 
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s h o r t l i v e d deposit i n i t i a l l y present decayed. No more 
s h o r t - l i v e d deposit was formed i n s o l u t i o n because the radon 
was q u i c k l y removed before any appreciable q u a n t i t y of i t 
could s u f f e r decay. The e f f e c t i v e h a l f - l i f e of the sho r t -
l i v e d deposit i s s l i g h t l y over 30 min. so th a t a pe r i o d of 
eigh t hours dur i n g which radon v/as removed was s u f f i c i e n t t o 
allow the s h o r t - l i v e d deposit t o decay t o n e g l i g i b l e 
p r o p o r t i o n s . Radon was removed by bubbling a c a r r i e r gas 
through the s o l u t i o n at a steady r a t e . E a r l i e r workers on 
t h i s problem at Durham found t h a t the r e t a i n e d gamma a c t i v i t y , 
due t o radium C i n equilibri\am w i t h radon f e l l t o below 0,2% 
of the a c t i v i t y i n e q u i l i b r i u m w i t h the radium. This r e s u l t 
was confirmed dur i n g t h i s work, t o w i t h i n the l i m i t s of 
accuracy r e q u i r e d , by drawing a i r through a radium s o l u t i o n 
placed at a convenient distance from a Geiger counter. The 
i n t e n s i t y of the gamma a c t i v i t y was followed. A l l other 
rays were cut out by the t h i c k lead w a l l s surrounding the 
co\inter. The i n t e n s i t y was p l o t t e d f o r two such experiments 
on semi-log p l o t (see Pig.3) and a f t e r seven hours had f a l l e n 
i n each case t o l e s s than 0.8% of the o r i g i n a l , or 0,5% of 
e q u i l i b r i u m . 
(^) 'iBateman Factors". 
As the daughter products of radium b u i l t up i n the 
s o l u t i o n i n i t i a l l y f r e e d from them, they c o n t r i b u t e d an 
in c r e a s i n g number of a l p h a - p a r t i c l e s t o the t o t a l produced. 
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One o f the important numerical f a c t o r s which had t o be 
c a l c u l a t e d was t h a t which expressed the r a t i o between the 
number of radium atoms decaying i n a p e r i o d of accxmnilation 
o f any given l e n g t h and the n-umber of helium atoms produced 
i n t h a t p e r i o d . The former term i s what was req.uired. 
The l a t t e r i s what was measured. The r a t i o depended i n a 
complicated manner on the h a l f - l i v e s involved. Since the 
formulae which gave the amounts of daughter products present 
were derived by Bateman (Ref 4.1) the f a c t o r was c a l l e d the 
"Bateman f a c t o r " and was given the symbol fi . I t was 
de r i v e d as f o l l o w s : 
I f the radium s o l u t i o n was i n i t i a l l y q u i t e f r e e from 
radon and a l l s h o r t - l i v e d deposit and contained NQ atoms of 
radium, then NQ X,t atoms of radium decayed i n time t , where 
i s the r a d i o a c t i v e constant of radi\am. I f a l l these atoms 
decayed t o ' l o n g - l i v e d deposit, we should have 4No X,t atoms of 
helium. But they do not; i n f a c t there are Nj atoms of radon 
present at time t , N2 atoms of radium A, N3 atoms of radium B, 
and N4 atoms of raditmi C + C Bach radon atom represents 
three atoms o f helium not yet produced; each atom of radium 
A, two atoms of helium; and radium B and radiiam C each one 
atom o f heli-um. 
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So, helium produced = 4No\o^ - 3 % - 2N2 - Ng -N4 
N i , Ng, 
= No > n 
X i 





i n equilibriiam w i t h radon. 
X1-X3 constant of radium B. 
(1 - X>X» e"^'^ - \ v X. *' - \ i X . e'^*' ) 
( (Xi-x.KXfc"\) CXV-VJKX.-XJ) (xi-x^ K X3-X,)) 
where ^ i s the decay constant of radiumG 
Now (Ra) = 0.0075545 h r " ^ \g -X^ ^ = 1.54426 hr"^ 
X2 (Ra A)=13.6355 h r " ! \^ -^^ ^ 2.10354 — hr 
X3 (Ra B)=1.5581 h r ' ^ X4 -X3 = 0.55928 h r " ^ 
X4 (Ra C)=2,11109 h r ~ l 
-0.0075545 t 
Therefore helium produced = NQ XQ^ "^*^  ~ 398.38 + 398.37 e 
^ -1.55181t ^ -2.11109 t -0.01190e +0.004 72e 
For values of t ^ e a t e r than 5 h r , the l a s t two terms become 
n e g l i g i b l e and we have /5= 4 t - 398.38 + 398.37e"°*°°'^^^*^ * 
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TABLE 111 
TABLE OF BATSMAN FACTORS. 
i n hours ^ t ^ i n hours t i n hours ^ t ^ i n hours 
0 1 : 0 30 1.3073 39.2182 
5 1.0478 . .£§^239 50 1.4936 74.683 
10 1,1021 11.025 70 1.6627 116.389 
15 1.1552 17.3280 100 1.8878 188.782 
20 1.2071 24.1413 120 2.0211 242.537 
25 1.2588 31.44447 150 2.1994 329.904 
The values of ^  req.uired f o r the f i n a l measurements were 
c a l c u l a t e d d i r e c t l y . 
Now l e t us consider the case where radon was not 
completely removed f o r some reason, but a ; f r a c t i o n x. was 
r e t a i n e d . The daughter products would remain w i t h i t and 
the gamma a c t i v i t y due t o radium C would remain at a f r a c t i o n 
of the equilibriTom a c t i v i t y (which could be foiind from the 
a c t i v i t y a f t e r a known time by use of a simple exponential 
f u n c t i o n ) . Then a f r a c t i o n x of the radium was i n equilibrixara 
v/ith i t s daughter products and t h i s p a r t of the system 
produced 4x XQ^Q a l p h a - p a r t i c l e s i n time t . The remainder 
1 - X had the usual Bateman f a c t o r . The "apparent Bateman 
f a c t o r " , ^'was t h e r e f o r e : y j ' ' = 4 x + ^ ( 1 - x ) 
( I ) Maintenance of Radium i n Sol u t i o n . 
I f any of the radiiam was present i n the s o l i d s t a t e (as 
p a r t i c l e s of radium s i l i c a t e , f o r instance) then the radon 
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would not have been able t o escape as soon as i t was 
produced and an indeterminate amount of radon and ac t i v e 
deposit would have been present at the commencement of the 
p e r i o d o f helium accumulation. Moreover the helium produced 
i n such p a r t i c l e s might not have been able t o escape, 
depending on the size of the p a r t i c l e s . Again i f the 
radium was not h e l d i n s o l u t i o n , i t might have been deposited 
on the w a l l s o f the vessel, i n which case the number of 
a l p h a - p a r t i c l e s coming t o r e s t i n the w a l l s would have been 
l a r g e r than c a l c u l a t e d (see s e c t i o n of t h i s chapter). I t 
was t h e r e f o r e e s s e n t i a l t h a t the radiijm be kept i n s o l u t i o n ; 
the ease w i t h which t h i s could be done w i t h the various 
solvents used i s discussed i n Chapter V, s e c t i o n ^ , 
(€) Timing the Period of Heli\3m Accumulation. 
The l e n g t h o f time f o r which helium was allowed t o 
accumulate was measured w i t h accuracy. I t was defined by 
the moment v/hen removal of radon ceased and by the moment 
at which helium was removed a f t e r accumulation. The former 
was taken as the moment when flow of c a r r i e r gas was shut o f f , 
but the l a t t e r , the removal o f helium, was more indeterminate. 
The helium was swept out by successive short f l u s h i n g s w i t h 
the c a r r i e r gas and t h i s operation might take 15 - 20 minutes. 
During t h i s p e r i o d helium was s t i l l being produced, most o f 
which was swept i n t o the measuring system during the l a s t 
f l u s h i n g s . The end o f the p e r i o d o f accumulation was 
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t h e r e f o r e the end of f l u s h i n g out the helium, but as a 
general r u l e two minutes were subtracted from t h i s time t o 
allow f o r the poss i b l e incomplete removal of helixam i n the 
l a s t few minutes. I f we allow f o r a possible indeterminacy 
of three minutes i n the time, then a t o t a l accumulation period 
of 1200 minutes = 20 hours w i l l reduce the indeterminacy t o 
0.25%. The periods a c t u a l l y taken were s l i g h t l y under 48 hr 
and s l i g h t l y under 96 hr. 
(£) Keeping the Radon i n S o l u t i o n . 
A l l the a l p h a - p a r t i c l e s from the radon and the s h o r t - l i v e d 
deposit had t o be brought t o r e s t i n the s o l u t i o n so t h a t the 
atoms of helium could be removed, because the heliiim r e s u l t i n g 
from any alpha p a r t i c l e coming t o r e s t i n the w a l l s of the 
vessel would not be recovered at once. I f any of the radon 
had been present i n the vapour phase i n the space abovetthe 
s o l u t i o n , i t s alpha p a r t i c l e s might have stuck the w a l l s o f 
the vessel. Moreover the r e s u l t i n g s h o r t - l i v e d deposit 
would have been deposited on the w a l l s and h a l f the alpha 
p a r t i c l e s r e s i i l t i n g from i t s decay would have been l o s t . 
This e f f e c t was reduced t o n e g l i g i b l e proportions by 
f r e e z i n g the s o l u t i o n or by arranging f o r the space above 
the s o l u t i o n t o be reduced t o a minimum. I f the s o l u t i o n 
was f r o z e n s o l i d w i t h i n , say 15 minutes of the end of the 
p e r i o d of radon removal, the radon as formed i n the body of 
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the s o l u t i o n was unable t o d i f f u s e i n t o the gas space. 
According t o Hahn (Ref. 4.2) the r a t e of d i f f u s i o n of radon 
i n s o l i d inorganic substances i s very slow, although there i s 
some evidence t o show t h a t d i f f u s i o n occurs, i n barium n i t r a t e , 
at l e a s t . But f o r present purposes i t i s q u i t e n e g l i g i b l e . 
The e f f e c t was not appreciable during the 20 minutes 
which elapsed between m e l t i n g the s o l u t i o n a f t e r helivun 
acc\araulation and the end of the f l u s h i n g - b u t of helium. 
On the other hand i f the gas space above the s o l u t i o n 
was small the p r o p o r t i o n of radon i n the vapour phase would 
also be small. According t o Meyer (Ref. 4.3) the d i s t r i b u t i o n 
c o e f f i c i e n t , «*> , of radon between water and the vapour phase 
i s 0.255 at 20° C. I f the gas space was, say, 0.01 ml and 
the s o l u t i o n was 25 ml i n volume then the p r o p o r t i o n of radon 
i n the vapour phase was 1/2500 x 0.255 = 1/625. I n periods 
up t o 100 hours the daughter products of radi-um c o n t r i b u t e d 
less than h a l f the t o t a l alpha p a r t i c l e s , the loss of alpha 
p a r t i c l e s due t o radon i n the gas space i s seen t o be very 
small indeed. 
(J) Removal o f Helium, 
I t was c l e a r l y a p o i n t of importance t h a t a l l helium 
should have been removed from the s o l u t i o n before the pe r i o d 
of accuimilation began, but i f removal of radon from the 
s o l u t i o n was complete at t h i s stage then a l l the helium would 
be removed also. I t was l i k e w i s e important t o e s t a b l i s h that 
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a l l the helium was t r a n s f e r r e d i n t o the measuring apparatus 
at the end of the p e r i o d of accumulation. Therefore a 
normal ' f l u s h i n g ' was performed using the standard technique 
of seven successive p o r t i o n s of c a r r i e r gas, bubbled through 
the s o l u t i o n and then allov/ed t o f l o w i n t o the measuring 
apparatus. This helium was t r e a t e d i n the normal manner 
and as q u i c k l y as possible a second ' f l u s h i n g ' of the f l a s k , 
e x a c t l y s i m i l a r , was performed. One hour had elapsed between 
the two ' f l u s h i n g s ' . These two p o r t i o n s of gas were 
passed through the measuring apparatus successively and the 
second sample was found t o contain no more helitmi than would 
have been expected t o grow i n the hour t h a t had elapsed, 
w i t h i n the l i m i t s o f e r r o r of the measuring system. This 
confirmed t h a t there was complete removal of heli\3m from the 
f l a s k and also from the f i r s t s ection of the measuring 
apparatus. The experiment was performed on a number of 
occasions, i n c l u d i n g one during the f i n a l series of measurements. 
{<[) C o r r e c t i o n f o r Alpha P a r t i c l e s Lost from S o l u t i o n . 
a, c o r r e c t i o n could be made f o r the number of alpha 
p a r t i c l e s l o s t by being brought t o r e s t w i t h i n the w a l l s of 
the vessel. The range of the most energetic alpha p a r t i c l e 
i n the decay series i s 0.0088 cm approx. i n water. 1/4 of 
the alpha p a r t i c l e s from a l a y e r of t h i s thickness over the 
whole surface of the s o l u t i o n would be l o s t . The smallest 
b u l k o f s o l u t i o n employed was a c y l i n d e r of surface area 
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about 40 sq,cm and volume about 20 ml, f o r most of the work 
the volume washout 30 ml and the surface volume r a t i o 
correspondingly smaller. The volxime w i t h i n t h i s siirface 
l a y e r was 0.35 ml and one quarter of the p a r t i c l e s emitted 
w i t h i n t h i s volume was l o s t , about 0.5% of the t o t a l . I n 
f a c t the percentage loss was less than 0,5% since only the 
radium C' alpha p a r t i c l e has a range as large as 0,0088 cm. 
A c o r r e c t i o n could have been c a l c u l a t e d f o r t h i s e f f e c t 
t h a t would have made the e r r o r involved q u i t e n e g l i g i b l e , 
but i n f a c t there was no occasion t o do so. 
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CHAPTER V. 
PREPARATION OF THE RADIUM SOLUTIONi^ 
(*) Formation o f a P r e c i p i t a t e i n Aqueous So l u t i o n . 
(^) Advantages of Various solvents. 
(a) s a l t f l u x . 
(b) sulphuric acid. 
(c) d i l u t e h y d r o c h l o r i c acid. 
(Y) Preparation of So l u t i o n . 
(a) P u r i f i c a t i o n from s i l i c a t e . 
(b) P u r i f i c a t i o n from lead and poloniimi. 
((T) Method of Standardization. 
{d^) Formation of a P r e c i p i t a t e i n Aqueous Solution. 
E a r l i e r workers on t h i s problem (Ref. 5.1) had observed 
t h a t a s l i g h t l y gelatinous p r e c i p i t a t e appeared i n aqueous 
s o l u t i o n s of radium s a l t s which were allowed t o stand f o r 
any l e n g t h o f time i n vessels made of s o f t (soda) glass. 
This p r e c i p i t a t e i s b e l i e v e d t o have been l a r g e l y radi\am 
s i l i c a t e . The s t r o n g l y i o n i z i n g r a d i a t i o n s attacked the 
gla s s , hydrolysing the s i l i c a t e s , which then p r e c i p i t a t e d 
the insoluble'radium s i l i c a t e . Under these conditions i t 
was not possible t o remove radon completely from the s o l u t i o n . 
The evidence f o r t h i s i s the f a c t t h a t there was always some 
s h o r t - l i v e d deposit remaining, which could be detected by i t s 
powerful gamma ray a c t i v i t y . I t was belie v e d t h a t the radon 
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which was evolved from the s o l i d radiiom s a l t was trapped 
w i t h i n the s o l i d phase and so was -unable t o escape. The 
e a r l i e r work also showed t h a t an aqueous s o l u t i o n i n contact 
w i t h a h o r o s i l i c a t e type glass, such as Pyrex "brand glass 
produced no observable p r e c i p i t a t e a f t e r several months i n 
contact w i t h radi\im s o l u t i o n . However,borosilicate glasses 
were known t o be perme^able t o helium, as w i l l be discussed 
l a t e r . 
I t was t h e r e f o r e desirable t o consider the r e l a t i v e 
m e r i t s o f various other types o f medium i n which a s o l u t i o n 
c o n t a i n i n g radium might be made. The three p o s s i b i l i t i e s 
considered were: (a) a f l u x of some low-melting mixture of 
s a l t s , (b) concentrated sulphuric a c i d , (c) aqueous so l u t i o n s . 
The advantages and disadvantages of each possible medium, as 
revealed i n these experiments w i l l be discussed from f i v e 
p o i n t s of view, ( i ) the s o l u b i l i t y of a radiiun s a l t , ( i i ) 
the completeness w i t h which radon and helium could be removed, 
( i i i ) the v o l a t i l i t y of the medium, ( i v ) the c o m p a t i b i l i t y 
w i t h the c o n t a i n i n g vessels, (v) the temperature changes 
inv o l v e d . 
(^) Advantages and Disadvantages of Possible Media. 
(a) Mixture of S a l t s . Three mixtures were used, 'fusion 
m i x t u r e ' (sodi-um and potassiijra carbonates), the e u t e c t i c 
mixture of 59^ potassium c h l o r i d e and 4 1 % l i t h i \ i m c h l o r i d e 
(m.p. 352° C.) and the sodium n i t r i t e - p o t a s s i u m n i t r i t e 
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eute.Gtic (sodiiom n i t r i t e 65%, m.p. 219° C.)* These were 
a l l s o l i d at room temperature and had to "be held i n the 
molten c o n d i t i o n f o r e i g h t hours under a low pressure. A 
s t a i n l e s s s t e e l tube was made i n which t h i s could be done, 
and small c y l i n d r i c a l c r u c i b l e s containing the s a l t s were 
introduced. 
( i ) S o l u b i l i t y of Radium. L i t t l e i s t o be found i n the 
l i t e r a t u r e concerning three component systems of radi\im s a l t s . 
However barium c h l o r i d e was found t o be soluble t o the extent 
o f several mg.. per 5g i n a l l the f l u x e s and radiiim s a l t s 
g e n e r a l l y resemble barium s a l t s c l o s e l y i n chemical p r o p e r t i e s . 
( i i ) E x t r a c t i o n of radon and helium. Experiments were not 
c a r r i e d as f a r as the i n v e s t i g a t i o n of t h i s , but i t i s 
b e l i e v e d there would have been no d i f f i c u l t y . At the elevated 
temperatures employed f l u s h i n g w i t h c a r r i e r gas would have 
been \innecessary because convection currents i n the melt 
would have provdded s \ i f f i c i e n t s t i r r i n g . 
( i i i ) V o l a t i l i t y of medium. This depended on the type of 
f l \ i x . Carbonates d i s s o c i a t e d at the high temperatures aljd 
low pressures i n v o l v e d , l e a v i n g oxides of sodi\im and pptassi\ara . 
Mixed c h l o r i d e s and n i t r i t e s d i d not present t h i s problem. 
( i v ) C o m p a t i b i l i t y w i t h containing vessels. A c h l o r i d e 
f l u x was s t r o n g l y c o r r o s i v e at i t s m e l t i n g p o i n t even towards 
s t a i n l e s s s t e e l tubes. Moreover a l l the fl\ i x e s showed a 
strong tendency t o 'creep' out of metal containers, and a f t e r 
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a long p e r i o d at elevated temperature the b u l k of the f l u x 
was found on the outside of the c r u c i b l e and the base of the 
furnace. This property c h i e f l y r u l e d out the use of s a l t 
f l u x e s . 
( v ) Temperature changes involved. Salt f l u x e s possessed 
the advantage t h a t no f r e e z i n g o f the s o l u t i o n was required 
and there was no d i f f i c u l t y i n keeping the s o l u t i o n s o l i d 
d u r i n g periods of helium accumulation. However elevated 
temperatures were r e q u i r e d f o r the periods when the s o l u t i o n 
had t o be l i q u i d . There are few convenient f l u x e s m e l t i n g 
below 400°C. At t h i s temperature metal or Pyrex had t o be 
used f o r the furnace. I f metal, there had t o be a metal t o 
glass seal of some s o r t , p r o t e c t e d from the heat, and a 
c a r r i e r gas would have been r e q u i r e d which d i d not attack the 
metal at. h i g h temperatures. I f Pyrex was used, the problem 
o f the p e r m e a b i l i t y of Pyrex t o helium became f a r more acute. 
Largely owing t o the 'creeping' d i f f i c u l t y work w i t h s a l t 
fl\axes was not c a r r i e d very f a r . 
(b) Concentrated s u l p h u r i c acid. 
( i ) S o l u b i l i t y of radium. Radium sulphate i s soluble 
i n small anraunts i n concentrated sulphuric acid. Trenner 
and Taylor found (Ref. 5.2) t h a t the s o l u b i l i t y o f barium 
sulphate was over 10,000 times greater i n 96% sulphuric acid 
than i n 7S% s u l p h u r i c a c i d and ascribed the increased 
s o l u b i l i t y t o formation of bariiim b i s u l p h a t e . Underwood 
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and Whittemore (Ref. 5.3) found t h a t 79 x 10" g of radiijm 
sulphate was e a s i l y soluble i n 100 g of 73% sulphuric acid 
and t h a t t h e r e a f t e r the s o l u b i l i t y appeared t o increase 
sharply. By analogy w i t h bariiom sulphate, t h i s increase 
7/as ascribed t o b i s u l p h a t e formation. Radium sulphate was 
expected t o be sfeluble t o the extent of hundreds of mg per 
100 g o f 96% sulphuric acid. The concentrated a c i d had t o 
be proiiBCted against any long exposure t o the atmosphere, 
because i t q u i c k l y absorbed water vapour and, becoming less • 
concentrated, might have p r e c i p i t a t e d radixim sxilphate. The 
c a r r i e r gas had t o be c a r e f u l l y d r i e d by f r e e z i n g out moisture 
i n the c o l d - f i n g e r (see P i g . l ^ G-) using a mixture of acetone 
and s o l i d carbon d i o x i d e . 
( i i ) Ease of removal of helium and radon. The c o n t r o l l i n g 
f a c t o r i n e s t i m a t i n g the ease w i t h which helium and radon 
could be removed was the r a t e at which the gases could difuse 
t o the g a s - l i q u i d i n t e r f a c e of the bubbles of c a r r i e r gas. 
Owing t o the greater v i s c o s i t y of sulphuric a c i d , t h i s 
d i f f u s i o n was slower i n sulphuric a c i d than i n water. A 
rough check v/ith a p o r t a b l e doBemeter on a s o l u t i o n of radium 
i n concentrated sulphuric acid through which oxygen had been 
passed at a moderate r a t e f o r eight hours showed very l i t t l e 
gamma a c t i v i t y ( l e s s than 1 % of e q u i l i b r i u m ) showing t h a t 
radon had been more or less completely removed. However 
accurate measurememfefe on t h i s f a c t o r were not made, nor was 
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a 'double' f l u s h i n g ' experiment c a r r i e d out t o check the 
coinpleteness of sweeping out helium. 
( i i i ) V o l a t i l i t y . This presented no tr o u b l e at a l l 
w i t h concentrated sulphuric acid. Neither was there such a 
tendency t o splash as there was i n the case o f water. 
( i v ) C o m p a t i b i l i t y w i t h vessels. Solutions of radium 
sulphate i n concentrated sulphuric a c i d had no etfe&t on 
b o r o s i l i c a t e glass of the Pyrex type. I t i s not known 
whether over a long p e r i o d of time they would have attacked 
soda glass, since a l l the work i n v o l v i n g sulphuric acid was 
performed i n Pyrex vessels. Sulphuric acid could not, of 
course, be used i n any system i n v o l v i n g the use of mercury 
i n the radium f l a s k . 
( v ) Temperature changes involved. This was the major 
source of d i f f i c u l t y when using concentrated sulphuric acid. 
When a f l a s k c o n t a i n i n g a c i d was slowly lowered i n t o l i q u i d 
n i t r o g e n supercooling occurred. The acid d i d not c r y s t a l l i z e 
i n the usual sense but became more and more viscous as i t 
cooled hardening f i n a l l y t o a glass which cracked w i t h a 
sharp r e p o r t . T r i a l s w i t h a thermocouple i n d i c a t e d t h a t a 
temperature o f - 106°C. was reached i n the centre of the f l a s k 
before a l l the a c i d had' s o l i d i f i e d . At f i r s t on cooling a 
l a y e r o f f i n e cracks appeared i n the acid i n contact w i t h the 
glass. A f t e r a minute or two the f i n e cracks would gradually 
disappear and the a c i d toward the centre, which had been 
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becoming more and more viscous, would show t h a t i t was s o l i d 
by cracking w i t h a sharp r e p o r t . Further cracking occurred 
u n t i l the c o l d a c i d was a network of cracks. Apparently 
as each crack appeared there was a stress wave which passed 
through the a c i d . On several occasions despite the f a c t 
the a c i d was cooled very slowly these stress waves broke the 
glass of the f l a s k . The breakage was not due t o expansion 
o f the a c i d , which contracts on s o l i d i f y i n g as evidenced by a 
shrinkage depression on the STirface of the f i n a l l y frozen 
s o l i d . Pear-shaped vessels were used t o allow f o r gradual 
f r e e z i n g from the t i p upwards. Normally i t was possible t o 
lower such a vessel 4 or 5 cm i n t o l i q u i d n i t r o g e n before 
breakage occurred, and one such vessel was frozen 30 or 40 
times w i t h success. 
Various attempts were made t o s o l i d i f y the acid using a 
mixture of acetone and s o l i d carbon dioxide. At the 
teinperature produced by t h i s mixture, the acid was no more 
than a viscous paste. Such a paste would probably not r e t a i n 
radon s a t i s f a c t o r i l y . Attempts were made t o induce genuine 
c r y s t a l l i z a t i o n . Various centres f o r c r y s t a l l i z a t i o n were 
introduced, i n c l u d i n g a tungsten wire sealed i n t o the base of 
the f l a s k . The only successful procedure was vigorous 
s c r a t c h i n g w i t h a glass rod, which gave a c r y s t a l l i n e s o l i d 
m e l t i n g at about - 30°G. The f r e e z i n g p o i n t of s l i g h t l y 
aqueous a c i d varieBS sharply w i t h water content, but i n no 
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case does i t reach a value below - lOO^C. Many e f f o r t s 
were made t o overcome t h i s problem, but the only answer 
seems t o l i e i n making a strong f l a s k and t e s t i n g i t c a r e f u l l y 
before r i s k i n g i t s use w i t h radium s o l u t i o n . For t h i s reason 
and also because an aqueous s o l u t i o n was preferable frcm the 
p o i n t o f view of the f i n a l analysis t o determine the t o t a l 
weight o f radii:mi, s u lphuric acid was abandoned as a solvent. 
(c) Aqueous Solutions. A f t e r study of other p o s s i b i l i t i e s , 
work was resumed w i t h aqueous s o l u t i o n s . Water s t i l l 
presented great d i f f i c u l t i e s but they were apparently not so 
great as those of other media. The 'floating-on-mercury' 
type o f f l a s k (See Chapter V I section ^  ) required th^tise of 
aqueous s o l u t i o n s . 
( i ) S o l u b i l i t y of radium. Radium c h l o r i d e i s e a s i l y 
soluble i n water and d i l u t e h y d r o c h l o r i c acid. I n order t o 
prevent d e p o s i t i o n o f a c t i v e deposit i n the s o l i d s t a t e a 
normal' s o l u t i o n o f hyd r o c h l o r i c acid was used. 
( i i ) E x t r a c t i o n of radon and helium. This was more e a s i l y 
c a r r i e d out than i n the case of sulphuric acid. Experiments 
performed t o check the completeness of the e x t r a c t i o n have 
already been described (Chapter IV, sections ^ ) . 
( i i i ) V o l a t i l i t y . This was a matter of considerable 
d i f f i c u l t y . Water i s f a i r l y v o l a t i l e and the passage of 
c a r r i e r gas reduced the volume of the s o l u t i o n by two or three 
ml at every e i g h t hour p e r i o d . Fresh d i s t i l l e d water was 
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added as needed, but any systematic e r r o r depending on the 
volume of the s o l u t i o n was d i f f i c u l t t o estimate. Moreover^, 
the mobile aqueous s o l u t i o n splashed very f r e e l y . The c a r r i e r 
gas entered the s o l u t i o n under a pressure of sane 10 cm of 
mercury and l e f t at a pressure of 3 cm or much less; so there 
was considerable expansion i n passing through the s o l u t i o n . 
This r e s i i l t e d i n large bubbles which o f t e n c a r r i e d s o l u t i o n 
t o the upper end of the f l a s k . 
( i v ) C o m p a t i b i l i t y w i t h vessels. As already pointed out, 
aqueous s o l u t i o n s of radi\jm s a l t s were q u i t e compatible w i t h 
Pyrex vessels but attacked soda-glass vessels over a period 
of time w i t h consequent p r e c i p i t a t i o n of radixam s i l i c a t e . 
I t was possible t o p r o t e c t a soda-glass f l a s k from attack by 
co a t i n g the i n s i d e w i t h p l a s t i c or w i t h an acid-proof varnish. 
T h i s ' i s what was a c t u a l l y done. The varni s h darkened s l i g h t l y 
i n colour but showed no other outward signs of attack by 
radium s o l u t i o n . 
( v ) Temperature Bhanges Involved. To freeze an aqueous 
s o l u t i o n q u i c k l y r e q u i r e d l i q u i d n i t r o g e n . There Was no 
supercooling e f f e c t such as was observed w i t h sulphuric a c i d , 
and the s o l u t i o n f r o z e smoothly as the l e v e l of the l i q u i d 
n i t r o g e n bath was ra i s e d . Since water expands on f r e e z i n g , 
i t was advisable t o use a pear-shaped vessel and t o cool i t 
g r a d u a l l y from the t i p upwards. Once frozen, i t could be 
gept i n the s o l i d s t a t e by surrounding i t w i t h a beaker 
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c o n t a i n i n g chips of s o l i d carbon dioxide. Which medium was 
most p r e f e r a b l e depended t o a c e r t a i n extent on the type of 
f l a s k used. Discussion of the question i s therefore 
postponed t o the end of Chapter V I * 
( j ) Preparation of the Radium S o l u t i o n . 
(a) P u r i f i c a t i o n from s i l i c a t e . The radium as received 
was i n various vessels which had been used i n e a r l i e r work; 
the b u l k of i t was i n the form of radium s i l i c a t e . The 
s i l i c a t e s o l i d s were t r a n s f e r r e d t o a platinum evaporating 
d i s h and fumed t o dryness w i t h concentrated h y d r o f l u o r i c acid. 
This procedure was repeated several times and the s i l i c a t e 
was, at l e a s t i n p a r t , converted t o f l u o r i d e . 
Ra Si O3 + 3H2 Fg Ra + Si F4 + 3 H^ jO 
Radiimi f l u o r i d e i s only s l i g h t l y soluble i n water, so i t 
was t r e a t e d w i t h concentrated hydrochloric acid t o convert i t 
t o c h l o r i d e . A c e r t a i n amount of radium c h l o r o p l a t i n a t e was 
also formed from the a t t a c k of the platinum dish. Also i t 
was fo-und t h a t the conversion of the s i l i c a t e had not been 
complete. Therefore the h y d r o f l u o r i c acid treatment was 
repeated and the r e s u l t i n g radium f l u o r i d e was converted t o 
radiiim n i t r a t e i n the platinum evaporating dish. The excess 
n i t r i c a c i d was evaporated, the s o l i d residue was dissolved 
i n water, trafpgferred t o a s i l i c a evaporating d i s h and 
converted t o c h l o r i d e . 
Checking the various vessels w i t h a Geiger counter showed 
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t h a t the b u l k of the radium was s t i l l i n an insol u b l e form. 
This d i d not have the appearance of the r a t h e r slimy s i l i c a t e , 
but i t proved t o be soluble i n concentrated sulphuric a c i d , 
t h i s confirming the suspicion t h a t i t v/as radium sulphate. 
Since at t h i s time the p o s s i b i l i t y of using sulphuric acid 
as a solvent was under con s i d e r a t i o n , the various radium 
residues soluble i n concentrated sulphuric acid were c o l l e c t e d 
together and dissolved i n the minimum q u a n t i t y of AnalaR 98% 
su l p h u r i c acid. I n t h i s manner the a c t i v i t y which had cl\ing 
t e n a c i o u s l y t o various items of glassware was removed. The 
residues were evaporated i n the platinum evaporating dish. and. 
the a c i d fumes were "drawn o f f through a funnel t o the f i l t e r 
pxamp. The s o l i d sulphate residues were dissolved i n the 
minimum q u a n t i t y of concentrated acid and f i l t e r e d through- a 
number 5 s i n t e r e d glass f i l t e r i n t o the radium f l a s k t o be used. 
When the work w i t h concentrated sulphuric acid was 
abandoned,'the sulphate was reconverted t o a water-soluble 
form. The various sulphuric a c i d s o l u t i o n s were d i l u t e d 
w i t h l a r g e amounts of d i s t i l l e d water and the p r e c i p i t a t e s 
separated using a c e n t r i f u g e . These p r e c i p i t a t e s were 
d i s s o l v e d i n the minimum q u a n t i t y of sulphuric a c i d and a f t e r 
removal of i n s o l u b l e m a t e r i a l , the a c i d was again d i l u t e d w i t h 
water v i n t l l the radium sulphate had been repre'cipitated. 
This p r e c i p i t a t e was separated, washed i n t o a n i c k e l c r u c i b l e 
and g e n t l y d r i e d , A l i t t l e Sodium carbonate was added 
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together w i t h lead sulphate as a c a r r i e r f o r poloniiam and 
radium D and the mixture was fused. I t was hoped t o get a 
c l e a r m e l t , but a f t e r prolonged a c t i o n there was s t i l l a 
c e r t a i n amount of s o l i d v i s i b l e . The sodium carbonate and 
sulphate were dissolved i n water and the r e s i d u a l s o l i d s , 
l a r g e l y radium carbonate and other heavy metal carbonates, 
were t r a n s f e r r e d t o a c e n t r i f u g e tube. These heavy metal 
carbonates were t r e a t e d w i t h d i l u t e hydrochloric acid. The 
p o r t i o n i n s o l u b l e i n hy d r o c h l o r i c a c i d was taken back i n t o 
the n i c k e l c r u c i b l e and re-fused w i t h sodium carbonate. 
F i n a l l y the whole acid-soluble acid m a t e r i a l was t r e a t e d f o r 
removal o f poloniiam, 
(b) Removal of Polonium and Radium D. Before any 
accurate measurements were c a r r i e d out i t was necessary t o 
f r e e the radiiom from poloniiom and radium D which had 
accumulated i n the course of the several years t h a t had 
elapsed slnos the radium was l a s t p u r i f i e d . The polonixira and 
the radium D (which i s a lead isotope) would have remained 
w i t h the radium through the various chemical changes to which 
i t had been subject. Since polonium i s alpha-active and 
radium D produces polonium, a not-very-well-defined amount of 
e x t r a helium would have been produced i f e i t h e r were present. 
They were separated from radium by p r e c i p i t a t i o n w i t h hydrogen 
sulphide. The pH of the s o l u t i o n i n hydrochloric acid was 
adjusted t o 0.5 using a s u i t a b l e i n d i c a t o r and warm water 
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saturated w i t h hydrogen sulphide was added, A moderate 
sized b l a c k p r e c i p i t a t e appeared. This p r e c i p i t a t e was 
separated and the radium s o l u t i o n remaining was t r a n s f e r r e d 
t o the radium f l a s k f o r the f i n a l measurements, A l a r g e r 
amount of radiiam i n the f i n a l s o l u t i o n would have been 
d e s i r a b l e . Very considerable amounts of radium were l e f t 
behind at various stages owing t o the incomplete conversion 
of sulphate t o carbonate, and owing also t o the c a r r y i n g down 
of radiiam on the ^ ^kLoiLiuis^ sulphide p r e c i p i t a t e . However 
there was s u f f i c i e n t radium t o give measurable amounts of 
helium a f t e r two days accumulation. 
Throughout the p u r i f i c a t i o n the radi\im was handled by 
means o f p i p e t t e s made of drawn-out Pyrex 7mm t u b i n g , f i t t e d 
w i t h rubber t e a t s . The separations were performed i n 10 ml 
I ^ r e x c e n t r i f u g e tubes. 
{ { ) Intended Method of Standardization of Radium. 
The o r i g i n a l p l a n f o r measuring accurately the amount of 
radium i n the s o l u t i o n was t o use the radi-um from a secondary 
i n t e r n a t i o n a l standard which had been used i n the atomic 
weight determinations of Hoenigschmidt. Then i t was decided 
t o compare a prepared sample w i t h t h i s standard source using 
gamma a c t i v i t i e s . The prepared sample would contain barium 
t o b r i n g the mass (and the s e l f - a b s o r p t i o n ) to- the same as 
t h a t of the standard and would be sealed i n an ampoule of the 
same shape and thickness. I n t h i s manner the e r r o r s normally 
associated w i t h a gamma-ray comparison would be minimized. 
However, before the end of the experiment, the standard 
saiEple became no longer e a s i l y a v a i l a b l e ; and since time 
was s h o r t , i t was decided t o carry out measurements of the 
r a t e o f heli-um e v o l u t i o n f i r s t and then t o arrange f o r the 
s o l u t i o n t o be analysed t o determine i t s radium content. 
F a c i l i t i e s were a v a i l a b l e f o r doing t h i s w i t h a probable 
e r r o r o f 0.5%. Accordingly at the end o f the work the 
radixam s o l u t i o n was t o be t r a n s f e r r e d from the radium f l a s k 
t o a clean vessel and sealed t o await analysis. 
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CHAPTER V I . 
THE RADIUM FLASK. 
(J-) M a t e r i a l of the f l a s k . 
(a) Pyrex glass. 
(b) Soda glass. 
( c ) P l a s t i c . 
(d) Metal. 
(/)) The Shape of the Flask. 
(a) D i r e c t Freezing Type. 
(b) Floating-on-Mercury Type, 
(r ) The Flask i n Use. 
( r ) Conclusions. 
(*») The M a t e r i a l of the Flask. 
(a) Pyrex glass. B o r o s i l i c a t e glasses of a type s i m i l a r 
t o Pyrex brand glass were known t o be permeable t o helivim at 
room temperatures, but no f i g u r e s were a v a i l a b l e at the s t a r t 
o f the experiment. The p o s s i b i l i t y e x i s t e d t h a t helium, 
present i n the atmosphere at a p a r t i a l pressure of 2.5 x 10"° 
atmos. would be present also i n s o l u t i o n i n the glass and 
would d i f f u s e i n t o the radium f l a s k at s i g n i f i c a n t r a t e s . 
I t was not known whether t h i s would be a serious d i f f i c u l t y 
b u t p r e l i m i n a r y experiments i n d i c a t e d t h a t the leakage would 
be small enough t o be n e g l i g i b l e . A considerable series of 
experiments, i n c l u d i n g those w i t h sulphuric a c i d , was based 
on the use of Pyrex f o r those p a r t s of the f l a s k which came 
• i n t o contact w i t h radium s o l u t i o n . The j u n c t i o n w i t h the 
soda glass which formed the r e s t of the apparatus was made 
w i t h two groxind glass cone-and-socket j o i n t s , made vacuum 
t i g h t w i t h Apiezon grease. 
Subsequent experience indfcated t h a t the p r e l i m i n a r y 
r e s u l t must have been at f a u l t , f o r an apparent leak 
developed i n the f l a s k . This leak continued when the f l a s k 
was replaced by a sealed Pyrex socket, but disappeared when a 
soda-glass socket was used. I n f o r m a t i o n became avail a b l e 
d u r i n g the course of the work concerning experiments c a r r i e d 
out by A l p e r t and B u r i t z (Ref. 6.1) using the type of pyrex 
glass commercially a v a i l a b l e i n the United States. They 
found t h a t the s o l u b i l i t y of helium i n I ^ r e x i s 10"^ ml (N.T.P.) 
per ml of glass per atmos. The d i f f u s i o n c o e f f i c i e n t at 
room temperature i s 7.74 x 10"^ cm^ per sec. The amovmt of 
a gas l o s t from a s o l i d container i n t o a vacuum i s given 
approximately by c s ( k t ) ^ where c i s the concentration of 
gas i n the s o l i d , s i s the surface area of the s o l i d , k the 
d i f f u s i o n c o e f f i c i e n t of the gas i n the s o l i d and t the time. 
Assxjraing the f l a s k has i n t e r n a l surface area 200 sq.cm and a 
time of 50 hr has elapsed, we f i n d t h a t 200 x lO"^ x 2.5 x lO"^ 
X 8.5 X 10""^ X 7 X 60 = 1.76 X 10"''' ml helium can be expected. 
This i s approximately the magnitude of the leaks found. This 
q u a n t i t y of helitmi, i s f a r from n e g l i g i b l e f o r our purposes, 
and since i t would exert a p a r t i a l pressure i n the f l a s k much 
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l e s s than the p a r t i a l pressure of helium i n the atmosphere, 
permeation would continue at much the same ra t e f o r a long 
p e r i o d . 
The access of helium t o the outside of the f l a s k could 
be prevented but i t would have taken at le a s t a month f o r a l l 
the helium already dissolved i n the glass t o d i f f u s e through. 
An attempt was made t o speed the d i f f u s i o n of the helium 
through the glass by hold i n g the f l a s k at a temperature of 
2D0°C. i n a bath of g l y c e r i n e while preventing the a i r from 
reaching the outside of the f l a s k . The f l a s k was continuously 
evacuated on the i n s i d e . A f t e r f o u r days of t h i s treatment, 
helium was s t i l l found t o be d i f f u s i n g i n t o the f l a s k on 
standing. The gamma a c t i v i t y of the f l a s k was fo\md t o be 
n e g l i g i b l e , r u l i n g out the p o s s i b i l i t y of the helium being 
due t o r e s i d u a l radium i n the f l a s k . At t h i s temperature, 
according t o the American f i g u r e s , the heli-um ought t o have 
been removed w i t h i n one day, but the d i f f e r e n c e may be 
explained by the d i f f e r e n c e l^ween B r i t i s h and American Pyrex. 
A Pyrex f l a s k could only be u s e d l f access of atmospheric 
helitam t o the glass were prevented by coating the outside w i t h 
v a r n i s h (which would almost c e r t a i n l y crack on f r e e z i n g ) , 
immersing the f l a s k i n l i q u i d (which could not be frozen at a l l ) , 
or j a c k e t i n g w i t h a soda-glass vessel, i n which case the 
i n t e r v e n i n g space would need t o be f i l l e d w i t h some conducting 
substance which would not contract or expand \induly; a l i q u i d 
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such as n-pentane suggests i t s e l f . I n .any case Pyrex of 
suitable thickness contains a quantity of helium i n solution 
which could only "be removed lay evacuating the inside of the 
vessel f o r at least a month. Such a proced-ure i s hy no means 
irrrpossihle but a less tedious method would be preferable. 
(b) Soda-giass. Soda-glass was f o r p r a c t i c a l purposes 
impermeable to helium.- Paneth, Petersen and Chloupek (Ref.6.2] 
fo\ind that soda-glass a f t e r exposure to a i r dissolved 2.5 x 10"^ 
ml Helium (at N.T.P.) per g of glass,, which was equivalent to 
6 X 10" ml per ml of glass, or /'31.5 ml /ml / atmos ( f o r low 
He pressures). This s o l u b i l i t y i s greater than that of 
Pyrex. I t i s the low d i f f u s i o n constant that makes soda-
glass f o r p r a c t i c a l purposes impermeable to helium. With 
the same fbrraula as used above and the value 2 x 10 •^'^  cm"^  per 
hr f o r the d i f f u s i o n c o e f f i c i e n t (Paneth and Peters, Re:^  6.3) 
i t was found that 8.4 x lO"''--'- ml (N.T.P.) of helium would 
permeate i n t o the f l a s k i n 49 hoxirs. This was qaite negligible 
The d i f f i c u } . t y was that soda-glass was subject to attack by 
aqueous radium solution as has already been described. I t 
was possible to prevent the soda-glass from attack by l i n i n g 
i t w i t h some i n e r t protective substance. This was i n fact 
done, the following conditions being f u l f i l l e d ; the lining--
had t o adhere closely t o glass, i t should not absorb radon 
or helium, i t had to be resistant to attack by ionizing 
r a d i a t i o n or normal hydrochloric acid, i t had to be easily 
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applied to th^dnside of a rather complicated vessel. A 
f i f t h condition was imposed at f i r s t , that i t should not 
crack under the stress of sudden cooling. This reqxiirement 
was f a r too stringent fend was avoided hy using a floating-on-
mercury type of f l a s k (see next section). 
Polythene was the f i r s t material t r i e d f o r the inside 
coating and a nimber of tests were carried out with i t . I t 
could not he deposited from solvent, the t h i n layer cracked 
as the solvent dried out, and i t adhered very "badly to the 
glass. A Q even, rather t h i c k coat could he applied hy 
melting the polythene and allowing i t to run round the inside 
of the f l a s k . Charring was marked and most varieties of 
polythene hegan t o decompose at teniperatures below that at 
which they flowed f r e e l y even when melted under vacuum. A 
reasonable coat was obtained but i t did not adhere closely to 
the glass and peeled o f f i n use. 
A special acid-proof varnish,"Sealocrete TP 19" was then 
used. By running t h i s varnish around the side of a test-tube 
^ d baking i t at 120°C. a good hard f i n i s h could be obtained. 
The varnish was then applied to the radium fla s k with complete 
success. To test the adhesive q u a l i t i e s of the varnish, the 
coated te s t tube was shaken w i t h d i l u t e hydrochloric acid and 
mercury i n a mechanical shaker f o r two hours, and the varnish 
was unaffected. I n actual use the varnish was also to a l l 
outward appearances unaffected apg^rt from a s l i g h t darkening. 
- 79 -
However, nothing i s known about the surface absorbtion of 
helium, radon, and/or radium ions on t h i s varnish coat. 
Some such phenomenon may account f o r the rather curious 
resu l t s f i n a l l y obtained. 
The p o s s i b i l i t y of preventing radi\am solution from 
reaching the soda-glass by placing the solution i n a small 
vessel of Pyrex, p l a s t i c , or metal was considered. The 
l a t t e r would have been enclosed i n a helium-tight, pressure 
withstanding vessel of soda glass. The p o s s i b i l i t y was 
dismissed because an aqueous solution would have d i s t i l l e d 
out of the inner vessel when the outer vessel was cooled, 
and the contents of the inner vessel could not have been 
frozen when surrounded with an effective vacuum jacket. 
(c) Plastic. A radium f l a s k made en t i r e l y of p l a s t i c 
was considered. The rather scant available evidence 
indicated that most pl a s t i c s were impermeable to helium, and 
unattacked by aqueous acids or ionizing radiation. Hov/ever 
polythene, at least, was very b r i t - t l e at low temperatures. 
A short length of polythene tubing containing concentrated 
sulphuric acid was cooled \antil the acid was soli d . The tube 
then shattered suddenly and spontaneously. I t would have 
been possible t o avoid the necessity f o r freezing by ueLng a 
' floating-on-raercury' type f l a s k but t h i s would have required 
a f l a s k of a design too complicated f o r execution i n pl a s t i c 
i n the time available. 
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(d) Metal. No experiments were actually carried out 
wi t h metal fl a s k s , but most metals are impermeable to helium. 
The effect of the radium solution would have been unpredictable. 
Metals which o r d i n a r i l y would r e s i s t N hydrochloric acid 
might not have done so under the influence of alpha-particles, 
although one would ei^pect stainless s t e e l , chromium, or 
platinum to r e s i s t attack. F i n a l l y i t was helpful to be 
able t o see the solution i n order to control the flow of 
c a r r i e r gas and to know when the soliiion was solid . 
{p) Shape of the Radiuia Flask. 
(a) Direct Freezing Type. When i t was required to 
freeze the solution, a pear-shaped vessel was used with a 
f a i r l y narrow t i p pointing downwards. The solution could 
then be frozen from the bottom upwards and any expansion could 
be accommodated. This type was used i n two main modifications, 
each designed to permit, i f required, the use of Pyrex glass 
f o r the f l a s k i t s e l f . They are shown diagramatically i n 
Fig.4. I n type 1 the ring-seal was part of the f i x e d portion 
at A; i n Type 11 i t was part of the removable portion at B. 
I n Type 1 the c a r r i e r gas was led i n at C, and the 
ring-seal A was i n soda-glass. The gas passed down the 
inner bubbler tube which contained a soda-Pyrex graded seal, D. 
(This replaces the narrow cone-and-socket used at f i r s t ) . The 
lower part of the bubbler, E, could be made of Pyrex. The 
fl a s k i t s e l f , which could be of Pyrex i f necessary was attached 
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to the f i x e d part of the apparatus by a groiind glass cone-and-
socket, P. The gases on leaving the flask passed through 
t h i s j o i n t and up the side-arm G. Alternatively the side 
arm could r i s e from the shoulder of the flask as shown i n 
Type 11. I n t h i s case a further cone-and-socket j o i n t would 
have been necessary. The voliame of the flask was about 100 ml 
and contained radi-um solution up to the level X. When water 
was the medium, the volume of the f l a s k could conveniently 
have been larger than 100 ml and the neck below P longer than 
shown to accommodate bubbles and to prevent solution reaching 
the Apiezon grease on the ground glass j o i n t . 
I n Type 11 the c a r r i e r gas was led i n at H. The flask 
and the ring-seal were made i n one piece and could be of 
Pyrex i f required. They were attached to the fixed part by 
a ground-glass j o i n t at J. The side-arm K, could emerge 
from the neck below B or, as i n t h i s sketch, be aligned so 
that solution might be removed d i r e c t l y w i th a pipette. The 
side-arm was joined to the f i x e d part of the apparatus at L. 
Type 1 possessed the advantage t h a t , should the flas k 
have cracked under the stress of freezing water or sulphuric 
acid, i t was comparatively simple to replace. Type 11 
dispensed w i t h the d i f f i c u l t graded seal which was a source 
of mechanical weakness, and with the j o i n t P which was l i a b l e 
to be splashed with solution. 
A l l the j o i n t s were made vacu\mi-tight w i t h Apiezon grease. 
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A t ^ controlled the inflow of ca r r i e r gas and another tap 
the outflow. There was a small plug of glass wool i n the 
outflow limb to block any f i n e acid spray, which might attack 
the grease of the outflow tap. Two alternative designs of 
bubbler t i p are shown i n diagrams 111 and IV. These were 
designed to cause as much s t i r r i n g of the solution as possible, 
which was p a r t i c u l a r l y important when sulphuric acid was the 
solvent. Type 111 had open ends at P and Q and i t was hoped 
that solution would be drawn i n at Q on the principle of t 
the 'pneumatic l i f t ' . I t did not s t i r the solution very 
e f f e c t i v e l y . I n Type IV the bubbler t i p was simply set o f f 
t o one side of the f l a s k and drawn out to as fine a point 
as possible to give small bubbles, which were desirable i n 
order t o present the maximum surface area f o r the escape of 
radon. This produced a rapid c i r c u l a t i o n and was adopted as 
the best design. 
(b)'Floating-on-Mercury' Type. I f soda-glass was used 
and protected from attack with some sort of varnish, 
considerable danger of cracking the varnish was involved 
whenever the solution was frozen. Now, as was mentioned i n 
Chapter 1, section £, the reason f o r freezing the solution 
was to keep the radon i n the space above the solution to 
negligible proportions. I t was further shown that t h i s could 
also be done by reducing the gas-space above the solution to 
0.1 ml approx. By f l o a t i n g the radiiam solution on a column 
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of mercury, the whole solution could be raised to the upper 
end of a closed f l a s k and the gas space thus reduced. The 
upper end of the flas k could be closed v;ith a tap. The 
mercury could then be lowered again before the flushing-out 
process, and i n t h i s manner the solution could be handled at 
room temperat\ire throughout. Moreover the carrier gas could 
be admitted through the side of the flas k below the l e v e l of 
the mercury, thus dispensing with the problem of coating the 
bubbler tube with varnish. 
The design of t h i s type of f l a s k , which was the one 
used i n the f i n a l measurements, i s shown i n Pig.5. The 
c a r r i e r gas maaifedmitted through the tube A and was ccontrolled 
by the tap B. I t passed through a c a p i l l a r y tube C and was 
admitted through the bottom of the f l a s k t o a small bubbler 
t i p D. The l e v e l of D was marked on the outside of the flask 
so that mercury should never be lowered below the l e v e l W. 
The mercury flowed i n through a c a p i l l a r y tube E and was 
controlled by a mercury vessel which i s not shown. I n the 
lowered pos i t i o n the top of the radium solution was at the 
l e v e l X. The large vol\ame ^ ove i t was to deal with the size 
of the bubbles as they expanded to meet the low pressure on 
the outlet side. The f i r s t few bubbles had to expand into a 
nearly perfect vacuum and there was a very marked tendency 
f o r them to carry solution r i g h t up to the tap, P. The upper 
p o s i t i o n of the mercury was at l e v e l Y and the top of the 
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solution was then at l e v e l Z. leaving a volume of about 0.1 ml. 
The gases when removed passed out through the ground-glass 
Joint Q. The whole of t h i s f l a s k was made of soda-glass; 
i t was coated on the inside from the tap F to the le v e l W 
w i t h Sealocrete varnish. D i s t i l l e d water was introduced 
when needed through Q and the solution could f i n a l l y be 
removed through G. The volume of the solution varied from 
30 ml to 20 ml and the t o t a l volume of the flask was about 
150 ml. 
( t ) The Flask i n Use. 
At the f i r s t use of t h i s f l a s k a sl i g h t cloudiness was 
noticed i n the solution. This was ascribed to calomel,Hg2Gl2, 
produced by the i n t e r a c t i o n of mercury and N hydrohloric acid 
i n the presence of oxygen which was being used a^^arrier gas. 
Test-tubes of mercury and normal hydrochloric acid were taken, 
various agents were added to prevent oxidation and then oxygen 
was bubbled through. No suitable agent was found which 
prevented attack. With perchloric acid the effect was the 
same, r u l i n g out the possible intermediate formation of 
chlorine. A control experiment with d i s t i l l e d water gave no 
cloudiness. The reaction was formulated as: 
4H"^ + 02 + 2Hg Hgs"*"*" + 2H2O. 
The oxygen of the c a r r i e r gas had therefore to be replaced 
w i t h an i n e r t gas of similar physical properties. Argon was 
chosen and a t r i a l using argon, mercury and d i l u t e hydrochloric 
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acid showed no cloudiness. The p o s s i b i l i t y remains that 
mercury might have been slov/ly atacked under the influence 
of i o n i z i n g r a d i a t i o n even without O2 present. 
With t h i s type of f l a s k four successful measurements of 
the rate of evolution of helium from a radiimi solution were 
carried out. The results w i l l be given i n Chapter V l l l . 
I t was found that i n use there was a considerable tendency 
fo r the mercury to form a coarse emulsion with the solution. 
The mercury at the interface w i t h the solution formed droplets 
which were closely packed together but apparently contained a 
certain amount of solution i n the i n t e r s t i c e s . When the 
mercury was raised these droplets did not remain on the top 
but were drawn to the sides of the f l a s k where they remained 
below the general l e v e l of the mercury. What volume of 
solution was trapped i n t h i s process, i s not known, but the 
apparent volume of solution i n the in t e r s t i c e s was small. 
At the end of the experiment the raditim was removed by 
means of a long narrow pipette. The inside of the flask was 
washed as completely as possible using several successive 
portions of d i s t i l l e d water. When the residual a c t i v i t y of 
the f l a s k was checked a ^ onth l a t e r , i t was found that a large 
p o r t i o n of the t o t a l gamma-ray a c t i v i t y was s t i l l associated 
w i t h the fl a s k . This indicated that the radium was s t i l l 
present, either on the surface of the mercury i n the form 
of an emulsion, adsorbed on to the surface of the varnish, 
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or possibly as radium s i l i c a t e due to some unobserved 
breakdown of the varnish. This finding made i t impossible 
to determine the amo\ant of radium which had been present i n 
solution. 
{ { ) Conclusions Concerning the Flask and the Solution. 
I n view of the observation Just mentioned i t was 
concluded that the floating-on-mercury type of flask was 
not the best one. At the time i t was adopted i t seemed 
the best short-term answer to the problem but i t gave r i s e 
to several d i f f i c u l t i e s i n practice. These were: ( i ) The 
emulsifying effect at the mercury-solution interface which 
meant, even i f the solution i n the i n t e r s t i c e s of the mercury 
droplets was completely freed from heliiim and radon at the 
r i g h t moments, that a larger proportion of the alpha-particles 
than was calculated struck the glass walls of the vessel and 
were l o s t . 
( i i ) The unknown svirface p r o p e r t i e ^ f the varnish, 
including the p o s s i b i l i t y of surface absorption of radon or 
radium ions and the p o s s i b i l i t y that at some point or other 
i t had broken permitting contact of solution with glass. 
The l i k e l i h o o d that the l a t t e r had occurred was strengthened 
by the im p o s s i b i l i t y of removing radium from the fl a s k and 
the nature of the systematic errors i n the f i n a l results. 
( i i i ) The close proximity of a tap to the radi\am solution, 
involving splashing of radium solution on to the tap grease 
and the p o s s i b i l i t y of small shreds of tap grease f a l l i n g into 
the solution. 
an 
( i v ) The necessity of using argon, which involved 
removing large amounts of hydrogen on the fractionating 
column. (see Chapter V l l , section t ). 
(v) The p o s s i b i l i t y of attack on the mercury by the acid 
even without the presence of oxygen, an attack which might 
w e l l have been promoted by the ionizing radiation. 
I f , i n spite of t h i s , work should be carried out using 
t h i s type of f l a s k , the following minor points may be noted. 
( i ) A preliminary experiment should be performed i n which a 
radium solution i s l e f t i n a varnished vessel f o r some time 
and then removed wi t h thorough ri n s i n g i n order to determine 
whether any radium or any daughter products are absorbed 
on to the varnish. 
( i i ) The bulk of the radium solution should be as large as 
practicable (at least 30 ml) and should be kept as nearly 
constant as possible by adding water before every measurement, 
( i i i ) The space above the solution should be greater, 
widening towards the top, i n order to break up bubbles 
carrying radi\im solution up tow@.rds the tap; but at the 
lower end the tube should be narrower than i n the flask used 
i n order to ensure that solution near the walls i s properly 
flushed out with c a r r i e r gas. 
( i v ) The l i n e of the outlet tap and the ground glass j o i n t 
above i t should be s l i g h t l y angled so that when radium 
solution i s removed from the convex mercury surface i t can 
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be taken from the side of the f l a s k using a straight pipette, 
(v) The t o t a l pressure on the outlet side of the solution 
should be kept at 5 cm of mercury during a l l bubbling. 
This would e f f e c t i v e l y reduce splashing. 
I f the floating-on-mercury flas k i s not to be used, 
we are again faced w i t h the wider range of p o s s i b i l i t i e s . 
For convenience they are tabulated here, with a note 
i n d i c a t i n g the c a r r i e r gas required (other things being equal) 
oxygen i s t o be preferred) and the p r i n c i p a l d i f f i c u l t i e s 
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I t w i l l be at once seen from Table IV that not a l l the above 
p o s s i b i l i t i e s have actually been investigated i n t h i s work. 
Experiments were carried out only on those which seemed at 
the time most promising, indicated by heavy rectangles. Of 
the other p o s s i b i l i t i e s the following seem most worth 
following up, i n t h i s order. 
( i ) Concentrated sulphuric acid solution i n a p l a i n soda 
f l a s k might be used. I t i s not yet established whether or 
not soda glass i s attacked by radium i n concentrated sulphuric 
acid. Probably the increased hydrogen ion concentration 
would make the hydrolysis of s i l i c a t e more rapid than i n 
water, but would suppress the concentration of s i l i c a t e ion. 
I f soda-glass i s not attacked by sulphuric acid solution the 
problem becomes much more tractable. The remaining problem 
would be the stresses occurring on sulphuric acid on 
s o l i d i f i c a t i o n . This problem i s not insuperable. '-^  
spherical vessel of a good thickness of soda-glass (which 
i s somewhat tougher than Pyrex) would not break so easily 
as those used i n t h i s work. Alternatively acetone and dry 
ice might be used as a cooling mixture. The rate of 
emanation from sulphuric acid cooled to a viscous paste by 
t h i s mixture would probably be too high, but the point may 
easily be checked. 
( i i ) A p l a s t i c f l a s k containing aqueous solution and cooled 
i n a mixture of acetone and dry ice might be used. Available 
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p l a s t i c s might a l l t u r n out to be too b r i t t l e at t h i s 
temperature but again the point i s worth checking. The 
shape of the f l a s k would need to be f a i r l y simple. 
( i i i ) A metal f l a s k would probably be susceptible to attack 
by d i l u t e acid i n the presence of ionizing radiation. 
However stainless s t e e l , chromium or platinum would be l i k e l y 
to r e s i s t attack. Argon would be used as carrier gas. 
( i v ) The fourth p o s s i b i l i t y has already been mentioned. A 
Pyrex f l a s k completely surrounded by a soda-glass jacket. 
The intervening space would be f i l l e d w i t h n-pentane, which 
would not freeze at the low temperatures to be employed. A 
small vapour space above t h i s l i q u i d would allow f o r 
d i f f e r e n t i a l contraction between the two vessels. Either 
aqueous or sulphuric acid solution could thus be used. 
However, the fl a s k would require a long period of degassing 
from w i t h i n before use, and a considerable period after any 
exposure of the inside to atmospheric helium. 
With the exception of t h i s l a t t e r suggestion, none of 
the methods involving coating Pyrex or soda glass either 
outside or inside r e a l l y commend themselves. They require 
the use of the floating-on-mercury f l a s k and present t h e i r 
own problems of adhesion, surface properties, breakdown of 
coating etc. 
F i n a l l y mention should be made of other possible forms of 
solution. Various barium compounds, e.g. the chlorate, are 
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soluble i n various organic solvents, but they are mostly 
io n i z i n g solvents and v o l a t i l e , and vrould offer no advantages 
over water. Mixtures of inorganic s a l t s , with which some 
work has been done, o f f e r a good alternative i f they can be so 
melted i n a small crucible inside a steel furnace that no 
creeping occurs. A graphite crucible and a chloride f l u x 
( n i t r i t e would probably oxidize a graphite crucible) are 
suggested as a result of the preliminary investigation i n t o 
the s a l t - f l u x method. 
Another p o s s i b i l i t y which has not yet been explored i s 
to dissolve radium metal i n mercury t o form radium amalgam. 
The high stopping power of mercury f o r alpha par t i c l e s would 
mean that only a small volume of solution would be necessary. 
The c a r r i e r gas would probably be argon and would have to be 
free from water rapourpand oxygen ,(to prevent oxidation of the 
amalgam). I t would be possible to dissolve sodium, which 
would be p r e f e r e n t i a l l y attacked, i n the mercury, or to 
b u i l d a sodium-amalgam bubbler i n the tube leading from the 
c a r r i e r gas system. 
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General Outline of the Measuring Apparatus. 
The method used f o r measiiring the helium i s described by 
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Glueckauf, (Ref, 3.1) and was used "by Chackett, Wilson, 
ReaslDeck, Wardle and others, (Ref. 7.1), A "block 
schematic diagram of the whole apparatus i s given i n Fig.6. 
The aaamifear gas system contained some ten l i t r e s of oxygen or 
argon. This gas was passed through the radi\im solution 
and through the radon traps where radon and water vapour 
0 
were condensed. The c a r r i e r gas was either removed 
immediately "by way of the secondary vacuum pump, or l e t int o 
.the c i r c u l a t i n g system where ( i f oxygen) i t was circulated 
over a hot paladium tuhe i n order to hum the hydrogen which 
was produced i n the radium solution. 
The remaining gases, oxygen or argon, hydrogen, nitrogen, 
helium and neon were pumped into the so-called ^fractionating 
coliamn' where helium was separated from the other gases. 
The p r i n c i p l e of the f r a c t i o n a t i o n depended on the fa6t that 
oxygen, nitrogen and: argon are quantitatively adsorhed on 
charcoal at l i q u i d nitrogen temperatures. Of other gases 
helium i s least adsorbed, neon SGBEwhat more strongly, and 
hydrogen more strongly s t i l l . When a mixture of helium and 
neon was i n contact with charcoal at l i q u i d nitrogen 
temperature the r a t i o of heliiom to neon i n the gas space i n 
contact with the charcoal was greater than the r a t i o of the 
two gases adsorbed on the charcoal. By adsorbing and desorbing 
a mixture of gases i n a series of these charcoal-containing 
tubes, d i f f e r e n t i a l separation could be obtained. Glueckauf 
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showed that by using 12 \inits of the dimensions of those 
used i n the present study, 99% of the t o t a l helium introduced, 
contaminated by only 1% of the t o t a l neon introduced could 
be delivered i n t o a large vessel at the end of the column. 
From t h i s large vessel the helium was ccrapressed into a short 
length of tubing referred to here as the 'Pirani fore-space'. 
This section was then connected to a Pirani-Hall low-pressure 
gauge and the effect on the temperature of a heated wire 
filament determined. A known volume of pure helium was 
s i m i l a r l y delivered i n t o the Pirani fore-space from the 
c a l i b r a t i n g system. Comparison of the effects on the 
resistance of the Pirani gauge gave a ne asure of the unknown 
quantity of helium.. 
The entire apparatus (with one or two exceptions) was 
b u i l t of soda-glass through which helium does not permeate 
t.o any appreciable extent and i s not permeable to helium. 
(Ref.6.1, 6.2, 6.3). This i s only true of soda-glass which 
i s not d e v i t r i f i e d . Old soda glass, p a r t i c u l a r l y i f i t has 
been worked, i s l i a b l e to d e v i t r i f i c a t i o n and these patches 
of glass are then markedly permeable to helium. A mercury 
vapour pump of the d i f f u s i o n type backed by Another of the 
condensation type, produced a vacuum which was believed to be 
between 1 and 3 x 10 ram of merciiry. The mercury vapour 
puipps were water cooled and heated by 150 watt e l e c t r i c c o i l s 
and were backed by a rotary o i l pxrnip. The gases were usually 
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controlled i n the apparatus by ra i s i n g and lowering columns 
of mercury i n various vessels, using a secondary vacuum 
provided by another rotary o i l p-ump. 
Each section w i l l now be described i n d e t a i l . 
(|>) The Radon Traps. 
The gases issuing from the radiijm f l a s k contained: 
a large proportion of oxygen or argon as carrier gas, 
helium from the alpha-particles and any helium present 
as impurity i n the ca r r i e r gas or from a i r leaks, 
neon f r a n impurity i n the carrier gas or from a i r leaks, 
radon from the active solution, 
hydrogen from the action of ionizing radiation on 
water or s\ilphuric acid, (Each alpha p a r t i c l e might 
produce up to 10,000 molecules of hydrogen), 
nitrogen from impurity i n the carrier gas or possible 
a i r leaks, 
a considerable amount of water vapo\ir, i f an aqueous 
solution was being used. 
Radon was condensed at low temperatures without removing the 
helium or the oxygen. The most convenient freezing agent 
available was l i q u i d nitrogen. I n a preliminary experiment 
a small sample of active solution and three simple finger 
traps i n series were used. An-appreciable proportion of 
the radon passed th6 f i r s t trap. The traps were then f i l l e d 
w i t h soft-glass wool to prevent rapid passage of the gas and 
- 97 -
i t was fo\ind that radon was pradlcally completely a'ftsorbed 
i n the f i r s t trap. I n regular use the f i r s t radon trap 
(D i n Fig. 7) consisted of a tube 2 cm i n diamier and 1 5 cm long. 
The gases were led i n through a length of 7 mm tubing passing 
through a ring-seal at the upper end of the trap and were led 
out through a side-arm of the same diameter. The trap was 
packed loosely w i t h glass wool. Constrictions were made i n 
the i n l e t and outlet tubes (at F) and aft e r each eight-hour 
period of radon removal or each flushing out of helium the 
tube was sealed under vacuum at these points and stored u n t i l 
the radon decayed. 
After passing the radon trap the gases were led through 
a guard-tube which was simply a U-tube (E), packed with glass 
wool and immersed i n l i q u i d nitrogen. On two or three 
occasions t h i s tube was removed immediately after passing 
radon through the system, and tested with a Geiger counter. 
I t showed no s i g n i f i c a n t gamma a c t i v i t y , thus showing that the 
fin g e r trap was completely removing radon. The guard-tube 
was not replaced every time, but was simply allowed to warm 
to room temperature before the finger trap was sealed. Any 
radon i n the guard-tube would d i s t i l back into the finger trap. 
I n any case the passage of small amounts of radon into the 
vacuum system would have no permanent effect since the short-
l i v e d deposit would quickly decay, and the growth of any 
si g n i f i c a n t amounts of long-lived deposit would require 
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exposure to radon f o r a very considerable period of time. 
When aqueous radium solutions were being used, s u f f i c i e n t 
water d i s t i l l e d from the solution to block the finger trap 
w i t h ice. During the long period of radon removal another 
trap G was Inserted between the radium flas k and the radon 
trap . This was 3.7 cm wide and 15 cm long and was not 
packed with glass wool. The gases were led i n through the 
side arm so that ice forming would be less l i k e l y to block 
the tube. The lower h a l f was cooled i n l i q u i d nitrogen 
and the tube was sealed and removed every time radon had been 
passed through i t . No a c t i v i t y was detected i n t h i s tube 
a f t e r i t was sealed. This arrangement prevented any 
blockage with ice. 
To prevent any undue bubbling and splashing i n the 
radium f l a s k , a few cm gas pressure was maintained on the 
e x i t side of the radium f l a s k and i n the traps. This had 
t o be less than 15 cm of mercury to prevent condensation of 
oxygen i n the traps co2)led by l i q u i d nitrogen. The permanent 
pressure was obtained by the use of a bubbler, a U-tube, (H), 
containing a few ml of mercury i n the tube leading to the 
secondary vacuiam system, J, through which gases were passed 
during the eight-hour period of radon removal. (By using the 
secondary vacuum system f o r t h i s purpose, the main vacuum 
system could be used to evacuate the rest of the apparatus.) 
The bubbler was protected by a tap (K i n Pig.7). A bend i n 
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the tube above the bubbler (L) served to hinder the 
splashing of mercury i n t o the secondary vacuum l i n e . A 
similar bubbler was formed by the v e n t i l (B i n Fig.8) leading 
from the radon traps t o the c i r c u l a t i n g system. These 
devices maintained a permanent pressure of some 3-4 cm on 
the o u t l e t side of the radiiam solution. This pressure was 
quite s u f f i c i e n t f o r sulphuric acid solutions but aqueous 
solutions required a pressure of 5-6 cm which could not be 
maintained w i t h the simple mercury bubbler. 
This section of the apparatus also contained a by-pass 
tube, (Fig. 7,M) by which c a r r i e r gas could be led d i r e c t l y 
i n t o the measuring system f o r various purposes. The carrier 
gas was l e t i n t o the system from i t s store vessels at point 
I , by means of a control tap, N, and a mercury bubbler, 0, 
and was led i n t o the radium f l a s k through S. The pressure 
was observed on a manometer P, not shown. The system was 
evacuated through the vacuum l i n e Q. (A) leads to the rest 
of the measTiring system. R i s the mercury vessel needed 
f o r the floating-on-mercury type of fl a s k (Chapter Vl,Section^ ). 
( i ) The Circulating System. 
The purpose of t h i s section of the apparatus was to 
remove the hydrogen which was produced i n the radium flask. 
The hydrogen was combined c a t a l y t i c a l l y with a large excess 
of oxygen by c i r c u l a t i n g the gases over a heated palladi\im tube. 
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The system i s shown diagramatically i n Fig. 8 . The viiiole 
formed a closed c i r c u i t of tubing i n t o which the gases came 
from the radium section at A. With the mercury i n the 
po s i t i o n shov/n the v e n t i l at B acted as a non-return valve. 
The c a r r i e r gas as i t came i n t o the system, was adsorbed on 
the charcoal i n U-tube E, which was coaled i n l i q u i d nitrogen. 
The v e n t i l s B and P, the by-pass Q, and the tap 0 were shut 
and E was warmed to room temperature. The resulting depression 
of the mercury i n the Toepler piamp, K, gave a measure of the 
amount of ca r r i e r gas used. A c i r c u l a t i n g pump, C, drove 
the gases round the system i n the d i r e c t i o n of the arrow. The 
palladium tube, e l e c t r i c a l l y heated, i s shown at Q. The 
finger trap H was not used since the quantities of water 
vapour produced were small. After the gases had circulated 
f o r 20 min, the v e n t i l I was shut, and the tap 0 opened 
cautiously. N, the f i r s t charcoal tube of the fractionating 
column, was coaled i n l i q u i d nitrogen, K was used as a 
Toepler Pump and M was a glass plunger holding up mercury and 
acting as a non-rettirn gravity valve. The bulb of the 
Toepler ptmip was large enough to ensure that v i r t u a l l y a l l 
the gases would be transferred i n 15 operations. The mercury 
was raised to the float-valve at S to minimize the volume 
associated w i t h the f i r s t charcoal tube of the column. The 
c i r c u l a t i n g system was evacuated through the tap R and the 
v e n t i l P before use. The tube which by-passed the fr a c t i o n a t i r g 
colTomn entered t h i s section at Q, and was normally f i l l e d with 
mercury. 
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( < r ) The Fractionating Column. 
The theory of the separation of helium from neon has 
been f u l l y discussed by Glueckauf (Ref.3.1) and there i s no 
need to repeat i t here. The experimental arrangement 
consisted of tv/elve i i n i t s , one of which i s shown diagramatically 
i n Fig. 9. The \inits were arranged alongside one another i n 
a d i r e c t i o n perpendicular to the plane of the diagram, the 
tube at P joined the tube of the u n i t before corresponding 
t o Q, and the tube Q to the tube of the following u n i t 
corresponding to P. A l l the vessels corresponding to A were 
joined together at a point corresponding to side-arm F and 
were controlled together from a common mercury reservoir at 
G which i s not shown. Similarly the B vessels were joined 
at H. 
C was a U-tube containing 2.5 g of activated charcoal. 
The gases heliiam, neon and hydrogen flowed int o i t through P, 
wit h the mercury raised i n both vessels to the l e v e l Y. The 
mercury i n A was then lowered to the l e v e l X. This l e v e l 
was controlled automatically by a spring loaded valve between 
the taps c o n t r o l l i n g the mercury vessels and the vacuim l i n e . 
A voliime A of about 75 ml was exposed to the charcoal and the 
mixture of gases flowing i n t o i t was enriched somewhat i n 
helium. The mercury was then raised to the l e v e l Y i n A 
'and lowered to the l e v e l X i n B. This acted l i k e a small 
Toepler pump sweeping the gases into space B. The mercury 
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was then raised to l e v e l Y i n B, dr i v i n g the gases through 
Q t o the next charcoal tube. At the same time the mercury 
was lowered i n A to receive the next portion of gas. 
Q-lueckauf states that the equilibrium d i s t r i b u t i o n of gas 
between charcoal and gas-space i s reached wi t h i n 5 sec. 
One minute i s required f o r the whole cycle. The b a l l 
bearings at D and B acted as f l o a t valves to prevent mercury 
being driven i n to the charcoal tubes. Every day before use, 
the charcoal tubes were ;jbaked at 150° C. \inder vacuum for 
periods of 20 min \ m t i l a good vacuum was obtained, 
( i ) Delivery Rate of "the Column. 
The amount and composition of the gas delivered into a 
reservoir of large volimie at the end of the fractionating 
column a f t e r every operation of the column could be calculated 
from theory, but i n practice i t was determined empirically. 
An a i r sample (containing small percentages of helium and neon) 
w i t h excess c a r r i e r gas was brought i n t o the f i r s t charcoal 
tube. The c a r r i e r gas remained there, being f o r p r a c t i c a l 
purposes quant i t a t i v e l y adsorbed. After 12 operations the 
f i r s t portions of heliiaiji reached the end of the column. There 
should be no gas delivered i n fractions 1-12. Any gas i n 
these fractions denoted incomplete evacuation of the column 
beforehand. I f the amount of gas delivered by each successive 
operation was recorded, i t was fo\ind that t h i s rose to a 
maximum and then f e l l to a minimum at operations 25 and 26. 
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This gas was almost e n t i r e l y helium. Further operations 
delivered more gas, almost e n t i r e l y neon. Passage of the 
neon through the colxamn could be speeded by removing the 
l i q u i d nitrogen baths from the charcoal U-tubes after the 
l a s t of the heliiim had passed that point and allowing the 
tubes to warm. The f i r s t charcoal tube was made s l i g h t l y 
longer than the others so that i t could s t i l l dip into a 
nitrogen bath when neighbouring tubes i n the same bath were 
no longer immersed. This retained the c a r r i e r gas i n the 
f i r s t charcoal tube. I n t h i s way the bulk of the neon could 
be delivered by operation 35, Neon was not measured 
accurately, but a rough estimate was usually carried out as 
a check against a i r leaks, the concentration of neon impurity 
i n the c a r r i e r gas being known. 
When argon replaced oxygen as ca r r i e r gas, i t was no 
longer possible to burn the hydrogen i n the c i r c u l a t i n g system. 
Therefore a large excess of hydrogen was brought i n to the 
f i r s t charcoal tube. This may possibly have affected the 
adsorption properties of the charcoal f o r helium by competing 
f o r the vacant adsorption sites but i t i s not very l i k e l y . 
The p o s s i b i l i t y that the minute proportions of t h i s hydrogen 
which would occur i n fractions 12-26 would be large enough 
to a f f e c t the Pirani gauges was also dismissed. According to 
Glueckauf and Paneth (Ref, 7,2) the adsorption coefficient of 
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of helium i s 0.00117 of the adsorption coefficient of 
hydrogen at the temperature of l i q u i d nitrogen. Using 
Gluecka^lf' s value f o r the adsorption coefficient f o r helixam 
and his expression f o r the amoTint of any gas i n the 26 the 
f r a c t i o n we f i n d that the hydrogen i n f r a c t i o n 26 i s less 
than 5 x 10"^^ of the t o t a l hydrogen. The t o t a l hydrogen 
exceeded the heliiom by a factor of up to 10^, but clearly the 
^ o t m t of h^ (§rogen i n the helium f r a c t i o n was negligibly small. 
The amount i n the neon f r a c t i o n was by no means negligible, 
as was found empirically by the large amounts of gas appearing 
i n t h i s f r a c t i o n , so that i t was no longer possible to use the 
quantity of neon delivered as a check against a i r leaks. 
I n order to check the completeness of delivery of heliiam 
a c a l i b r a t i o n experiment was carried out. A known vol\ime of 
pure helium was introduced i n t o the Pirani fore-space from 
the c a l i b r a t i n g system. The bulk of t h i s v/as then led into 
the c i r c u l a t i n g system by means of the by-pass tube that ran 
behind the f r a c t i o n a t i n g column. This by-pass was simply a 
v e n t i l w i th very long and nearly horizontal arms, which were 
normally kept f u l l of mercury but could be emptied f o r t h i s 
purpose, (see Fig.6, Pig.8 (Q), Fig.12 (Q) ). The by-pass 
was then closed again and the residual gas measured i n the 
P i r a n i gauges. Thus the amount of helium brought int o the 
column was accurately known. Operations 0-12 and 13-21 were 
performed and the amovmts of helium measured. Thereafter the 
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operations were performed two at a time and a histogram was 
drawn shov/ing the amount of helium per operation against the 
number of the operation, (Fig,10). I t was estimated that 
the t o t a l of heli\im delivered i n a l l operations was 1,005 of 
that delivered i n operations 12-26 so that a l l values f o r 
amounts of helium delivered were m u l t i p l i e d by t h i s 'coliomn 
fac t o r ' . 
(J) The Pirani Gauges. 
(a) Geheral Description. The Pirani-Hall gauge depends 
on the fact that the thermal conductivity of a gas at low 
pressures i s proportional t o i t s pressure. I f a hot wire i s 
warmed by an e l e c t r i c current and surrotmded by a gas at low 
pressure, any change i n the pressure of the gas increases 
the rate of loss of heat from the wire, cools i t , and changes 
i t s resistance. The change of resistance iis&nieSBUPed. I n these 
measurements a modification of the Pirani gauge due to E l l e t t 
and Zabel (Ref. 7.3) was used. The walls of the Pirani gauges 
were kept cold by a bath of l i q u i d nitrogen. ( i i q u i d a i r 
was nbt satisfactory since i t s b o i l i n g point changes with 
p r e f e r e n t i a l evaporation of nitrogen). The wires were 
maintained at approximately room temperature. Two i d e n t i c a l 
gauges were used. One was evacuated and isolated from the 
rest of the system and served as a control; the gas to be 
measured was brought i n t o the other gauge.. The filaments 
of these two gauges were i n two arms of a Wheatstone Bridge 
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c i r c u i t , i n the other two arms were variable standard 
resistances of approximately the same order of magnitude as 
the resistances-of the filaments (120 ohm). The galvanometer 
of the Wheat stone Bridge was used to measure the out-of-balance 
current which resulted from the change i n resistance of the 
wire i n the Pirani gauge when gas v/as admitted. 
The gauge was not an absolute one. I t was used simply 
f o r comparison and was calibrated by admitting an accurately 
known volume of helium from the c a l i b r a t i n g system described 
i n the next section. This gas came in t o a space consisting 
of the Pirani gauge i t s e l f and the so-called 'Pirani fore-space'. 
The volume of t h i s space (15 ml approx.) was not known 
exactly but was kept the same f o r a l l measurements, 
(b) Theory of the Pirani Gauges. 
The following treatment i s derived from E l l e t t and Zabel 
(Ref. 7.3)^ 1?;^  rc:.CM.-:r •.' i . . The energy equation f o r an 
e l e c t r i c a l l y heated wire i n a gas at lov/ pressure i s given by: 
/ R = A k ( T'^  - T^ ) + A d p ( T - T^) 
where E i s the voltage across the wire, R i t s redstance, A 
i t s area, T i t s temperat\ire and TQ the temperature of the 
enclosure, k the product of the Stephan-Boljmann constant 
and the emissivity, a a constant, and p the pressure of the 
gas. We neglect conduction of heat up the e l e c t r i c leads. 
According to B l l e t t and Zabel, we can ass\ame the power 
supplied t o the wire i s constant since the resistance changes 
are small. 
- 107 -
D i f f e r e n t i a t i n g : dT /dp = j (T - T^) / 4 kT^ = jp 
At low pressures conduction losses are small compared 
to radiation losses therefore we may neglect jp i n comparison 
w i t h 4kT^. 
dT /dp = k' ( T - TQ / T^ ) where k' = j/4k. 
D i f f e r e n t i a t i n g again w i t h respect to T: 
d / dT ( dT / dp ) = T^ - 3T^ (T - TQ) = T^ ( -2T + STQ) 
therefore dT / dp i s a maximum when T = 3TQ / 2. 
Now l e t us consider the e l e c t r i c a l equation. 
•The resistance of the wire i s given by R = RQ ( 1 + b T-SlSj) 
where RQ i s the resistance at 0°C. therefore dR = Rob dT 
Now the change of current through the galvanometer, I g of a 
Wheatstone Bridge network i s I g = BdR / ^RRg + 4R^ 
where dR i s the change of - resistance of one am, 'R i s the 
resistance of the arms (ass\imed approximately equal) and Rg 
i s the resistance of the galvanometer. 
Using the above re s u l t s : I g = ( k " RQE / RRg + R2)( T-TQ /T'^ )dp 
But since the heat loss i s mostly due to radiation E^ = ARKT'^  
neglecting To^ i n comparison to T'^  
Therefore I g = k'" Rp (AR)^ T - T^ dp. 
RR + R^  "~T 
I f we do not regard the power supplied to the wire as 
constant with changing pressure, we get the following 
expression f o r dT /dp* 
dT = Aj (T - To) 
^ E ^  Rob + 4 AkT ^ + "AJP 
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and the f i n a l expression f o r I g i s : 
I g = R^^(AR)^ (T - Tn).1 dp 
4Tki (RRg + R2)(RoRbT + 4) 
Thus we see that the galvanometer deflection i s 
proportional to the pressure change and proportional to the 
square root of the areao f the wire, so that the s e n s i t i v i t y 
i s increased by using a f l a t s t r i p of metal rather than a 
, wire w i t h a c i r c u l a r cross section. As can be seen the 
s e n s i t i v i t y goes up w i t h the temperature, but when the 
temperature is' very high the s e n s i t i v i t y becomes independent 
of the temperature and therefore of the voltage across the 
wire. However i t should be noted that Paneth and Urry 
(Ref, 7,4) using a similar apparatus found experimentally 
that the s e n s i t i v i t y curve had a maximum at about 0,5 volts 
and at higher voltages decreased. I n order to prevent the 
solder from softening the temperature of the filament should 
not be allowed to r i s e much higher than room temperature. 
The voltage required f o r t h i s was about 0.5 v o l t s across one 
filament and therefore the voltage across the bridge as a 
whole was f i x e d at 1 v o l t and kept at t h i s value, 
(c) The'Pirani fore-space'. 
This i s shown i n Fig. 11. I t was the section of tubing 
i n t o which helium was delivered from the column at N. The 
whole section was made of 4 mm tubing i n order to keep the 
volume as small as possible. Connected to the fore-space was 
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a conrpression "bullD, P. The mercury i n t h i s was lowered to 
a point near X when heliiira was "being d e l i v e r e d from the colxiran. 
T h i s exposed a volume of sane 300 ml to the l a s t charcoal tuhe, 
N, and ensured that the p a r t i a l pressure of helium i n the 
fore-space never became l a r g e enough to a f f e c t the amount 
d e l i v e r e d from the l a s t c h a r c o a l tuhe. By r a i s i n g the 
mercury u n t i l the "ball-bearing T c l o s e d on i t s ground-glass 
Booket the contents of the compression bulb were forced i n t o 
the fore-space proper, whose l i m i t s were thus defined. R 
and S l e d to the vacu\am l i n e through which t h i s s e c t i o n of 
4 
the apparatus was evacuated. Z and W represent the ras rcury 
v e n t i l s which c o n t r o l l e d entrance of heli\am to the P i r a n i 
gauges at V and e x i t to the vacuum l i n e at 0. B represents 
the l a s t u n i t of the c a l i b r a t i o n system (described l a t e r ) 
from which a known amount of helium was r e l e a s e d i n t o the 
fore-space. 
(d) The P i r a n i Q-auges. 
These are shown d i a g r a m a t i c a l l y i n P i g . 12a and an 
enlargement of the filament and i t s supports i s shown i n 
P i g . l S b . The two gauges were raomted side by side and 
surrounded by a Dewar f l a s k containing l i q u i d nitrogen whose 
p o s i t i o n i s shown at K. The gauges were as n e a r l y as 
p o s s i b l e i d e n t i c a l . I n each was a filament of f l a t n i c k e l 
s t r i p 0.05 cm wide and 0.002 cm t h i c k . I t was 20 cm long 
and mounted i n the form of a W on a g l a s s support (A, ^own i n 
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side=rview i n r i g h t hand, gauge). Tension i n the s t r i p was 
maintained by means of a small spring, B, which held the 
f i l a m e n t c l e a r of the . support. The ends of the filaments 
were soldered to hooks, C, i n the tungsten leads. The 
tungsten was e l e c t r o l y t i c a l l y cleaned and copper-plated 
"before solder could he applied. T h i s solder was an important 
source of weakness hecause i t v/as l i a h l e to soften i f the 
f i l a m e n t overheated, and was subject to attack "by the mercury 
vapour which was always present. T h i s l e d to a slackening 
of the wire w i t h p o s s i h l e sudden changes i n the r a d i a t i v e 
l o s s of heat and imperfect e l e c t r i c a l contact. I n consequence 
the gauges hecame o c c a s i o n a l l y very s e n s i t i v e to mechanical 
disturbance p a r t i c u l a r l y any tapping of the g l a s s . The 
tungsten l e a d s , P, passed through a p i n c h - s e a l , D, and up the 
i n s i d e of the tube on which the filament was moimted, B. 
To prevent contact one wire was sheathed i n a f i n e g l a s s tube, 
I . The leads passed out through two vacuum t i g h t s e a l s at 
the upper end, G, and were s i l v e r - s o l d e r e d to copper w i r e s . 
To prevent the tiingsten w i r e s from c o S l i n g i n the l i q u i d 
n i t r o g e n bath, the e n t i r e inner tube was evacuated to a good 
vacuum and s e a l e d at H. On one occasion a random v a r i a t i o n 
i n the p o s i t i o n of the galvanometer p o i n t e r was t r a c e d to 
the presence of one or two cm of a i r pressure i n t h i s tube. 
The i n n e r tube was made of Pyrex to f a c i l i t a t e the p i n c h - s e a l 
at the lower end. As the pressure of helium to which i t was 
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exposed under working conditions were extremely small indeed, 
no problem was introduced by the s o l u b i l i t y of helium i n Pyrex. 
The inaccuracy of the gauges f o r a few days a f t e r they had 
been exposed to the atmosphere may have been due to degassing 
of helium from the Pyrex p o r t i o n s . The inner tube f i t t e d 
c l o s e l y i n t o the c a s i n g without touching i t ; the space 
between was p a r t of that to which helium was admitted and was 
kept, as small as p o s s i b l e . A vacuumtight s e a l was made with 
wax at the cone-and-socket at the upper end, J . 
The tubes leading i n t o (and supporting) the outer cases 
each contained a few g r a i n s of a c t i v a t e d c h a r c o a l , L, r e s t i n g 
on a glasswool plug, M. T h i s was to adsorb any oxygen, e t c . 
which might reach the gauges. I n the tube leading to the 
measuring gauge there were a l s o a few p i e c e s of gold f o i l N 
t o adsorb mercury vapour and prevent i t reaching the solder. 
At the commencement of every day's work the gauges were 
immersed i n hot water and Evacuated f o r h a l f an hour, to 
remove as raach mercury vapour as p o s s i b l e . The g r a i n s of 
c h a r c o a l were then warmed wi t h a small flame two or three times 
u n t i l a good vacuum was obtained. They were shut o f f from the 
pumps, the current through the f i l a m e n t s was switched on and 
the whole was immersed i n i t s l i q u i d nitrogen bath. At l e a s t 
f i v e hours wererequired f o r temperature e q u i l i b r i u m to be 
reached. 
Two mercury v e n t i l s , one of which i s shown at W, c o n t r o l l e d 
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the flow of helium from the fore-space and to the vacuum l i n e . 
The pressure i n the mercury v e s s e l s was c o n t r o l l e d by two-way 
taps placed near the galvanometer s c a l e . The presence of 
these v e n t i l s made i t p r a c t i c a l l y impossible to keep the 
P i r a n i gauges f r e e from mercury vapour and a f t e r some time 
a c t u a l drops of mercury appeared i n s i d e the casing of the 
gauges. To rep l a c e the v e n t i l s by gro-und-glass taps would 
have been advantageous. 
( e ) The E l e c t r i c a l C i r c u i t . The c i r c u i t used i s shown 
i n P i g . 13a. The two gauges, P, were i n adjacent limbs of a 
Wheatstone Bridge. . I n the opposite limbs were two f i x e d 
r e s i s t a n c e s , R, of 100 ohms each and a 'Compensation apparatus', 
U, which t r a n s f e r r e d r e s i s t a n c e s from one limb to the other 
i n u n i t s of 1/10 ohm. The t o t a l r e s i s t a n c e of t h i s was 111 
ohms. The voltage (1 v o l t ) across the bridge was provided 
by a 2-volt acc-uraulator, A, placed across a p o t e n t i a l d i v i d e r , 
B, A rough check on the filament r e s i s t a n c e s under working 
c o n d i t i o n s , (using the best values that could be fo^lnd f o r 
the temperature dependance of the e l e c t r i c a l r e s i s t a n c e of 
n i c k e l ) showed that the filaments were at approximately room 
temperature under these conditions. 
The galvanometer, Q, was a mirror instnament w i t h a 
s e n s i t i v i t y of 1450 mm / microamp at Im and an i n t e r n a l 
r e s i s t a n c e of 91 ohm. The s c a l e was Im from the galvanometer. 
The galvanometer s e n s i t i v i t y was v a r i e d by a l t e r i n g a large 
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r e s i s t a n c e i n s e r i e s S, and when the galvanometer was not i n 
use i t was protected by a 10,000 ohm r e s i s t a n c e i n s e r i e s V, 
A 600 ohm r e s i s t a n c e T across the galvanometer gave c r i t i c a l 
dan5)ing under u s u a l working conditions. 
The changes i n the galvanometer off-balance current were 
p r o p o r t i o n a l to the changes of pressure i n the gauges. The 
d e f l e c t i o n s of the point of l i g h t 'on the galvanometer s c a l e 
were not quite p r o p o r t i o n a l to the galvanometer current 
because: 
( i ) The s c a l e was s t r a i g h t . 
( i i ) The magnetic f i e l d i n which the galvanometer c o i l moved 
was not \iniform. 
( i i i ) The e l a s t i c i t y of the galvanometer suspension v a r i e d 
w i t h the angle of d e f l e c t i o n . 
A chart of c o r r e c t i o n s f o r t h i s e r r o r was drawn up as 
d e s c r i b e d i n the next s e c t i o n . 
( f ) Galvanometer Scale C o r r e c t i o n . 
The galvanometer was placed i n p o s i t i o n on a shock-proof 
support and the s c a l e was f i r m l y clamped i n p o s i t i o n 100 cm 
away. The P i r a n i gauges were replaced by two f i x e d 120 ohm 
r e s i s t a n c e s . A 67000 ohm r e s i s t a n c e was placed i n p a r a l l e l 
w i t h one of these and by switching i t i n and out of c i r c u i t 
( u s i n g a rocking mercury switch) f i x e d changes i n the o f f -
balance current could be produced. The s c a l e d e f l e c t i o n s 
caused by the same change of current were observed i n various 
p a r t s of the s c a l e . A c e r t a i n a r b i t r a l ^ d e f l e c t i o n was taken 
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as standard and the excess or d e f i c i t frcM t h i s per cm of 
d e f l e c t i o n was p l o t t e d against the mid-point of the d e f l e c t i o n . 
A t a b l e of c o r r e c t i o n s f o r any d e f l e c t i o n was obtained by 
summing the c o r r e c t i o n s f o r each centimetre over which the 
d e f l e c t i o n ranged. T h i s c o r r e c t i o n was the f i r s t one applied 
to any reading, 
(g) Measures Taken to Comijat Unsteadiness. 
Because the balance point of the bridge was never steady 
but always ' d r i f t e d ' slowly, the procedure adopted f o r 
measuring a d e f l e c t i o n took some minutes. The p o s i t i o n of 
the point of l i g h t on the s c a l e was recorded at i n t e r v a l s of 
one minute "until two s u c c e s s i v e values f o r the rate of d r i f t 
were the same to w i t h i n 0.01 cm/min. T h ^ n l e t v e n t i l was 
then opened, a d e f l e c t i o n occurred and readings were taken 
u n t i l the r a t e of d r i f t was again constant. Values were 
extra p o l a t e d back at t h i s r a t e of d r i f t to the moment of 
opening the v e n t i l , to give the point to which the po i n t e r 
would have moved i f the d e f l e c t i o n had occurred instantaneously. 
The o u t l e t v e n t i l was then opened and a s i m i l a r procedure was 
followed, the r e t u r n d e f l e c t i o n should have been the same as 
the previous one but i n the opposite sense. I f the rate of 
d r i f t was l a r g e (over 0,30 cm per minute), or sudden changes 
i n the ra t e of d r i f t were occuring, considerable e r r o r s were 
involved. Various measures were taken to combat these two 
types of unsteadiness. 
( i ) As has already been observed, a i r i n the inner sleeve of 
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the gauges l e d to \msteadiness. T h i s was checked from time 
to time. 
( i i ) At an e a r l y stage the e l e c t r i c c i r c u i t was changed from 
t h a t shown i n F i g . l i b to that shown i n F i g . 11a. T h i s ensured 
a more n e a r l y constant heating e f f e c t and lowered the rate 
of d r i f t . 
( i i i ) To avoid the e f f e c t s of electromagnetic induction from 
changing c u r r e n t s near-by, the leads of the Wheatstone Bridge 
were screened w i t h earthed metal sheaths and the galvanometer 
p l a c e d i n an earthed metal bsx. At some s t a g e ^ h e gauges 
themselves were surrounded by earthed wire n e t t i n g , but t h i s 
device was too cumbersome. These arrangements diminished 
but d i d not e l i m i n a t e the e f f e c t of c e r t a i n near-by o s c i l l a t o r s , 
( i v ) I t v/as observed that a change i n the l i g h t , e.g. when 
the r a y s of the sun f e l l on the upper end of the gauges 
caused i i n s t e a d i n e s s , probably due to the heating e f f e c t . 
( v ) Draughts d i d not produce observable e f f e c t s , but the 
tungsten-copper j i i n c t i o n s , which were i n an exposed p o s i t i o n 
above the P i r a n i gauges, were wrapped i n cotton wool to keep 
them from sudden temperature changes. 
( v i ) Mechanical shocks had a marked e f f e c t p a r t i c u l a r l y when 
the f i l a m e n t s were s l i g h t l y s l a c k . Care was taken to avoid 
unnecessary v i b r a t i o n s , and p a r t i c u l a r care was e x e r c i s e d when 
r a i s i n g mercury against b a l l - b e a r i n g f l o a t - v a l v e s i n the 
re g i o n of the gauges. 
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When each of these precautions were observed, readings 
accurate to 0.01 cm w i t h good agreement between ' i n ' and 'out' 
d e f l e c t i o n s were sometimes p o s s i b l e . Nevertheless the 
tendency to iin^teadiness of various s o r t s was one s e r i o u s 
disadvantage of t h i s apparatus. The d i f f i c u l t y would have 
been lessen e d by working at lower s e n s i t i v i t i e s with greater 
amounts of helium. Some d i f f i c u l t i e s appeared:to be inherent 
i n the apparatus, at l e a s t i n the design of apparatus used 
i n t h i s study; and a p o s s i b l e a l t e r n a t i v e i s suggested at 
the end of t h i s chapter. 
((|) The C a l i b r a t i o n System. 
(a) The E a r l i e r Design. The e a r l i e r system used 
provided f o r the taking of 5 or 6. cm press\ire of pure helium 
over mercury and trapping s m a l l f r a c t i o n s of t h i s o r i g i n a l 
volume i n i n v e r t e d cups moimted i n s i d e the same v e s s e l . 
Prom the volume tinal^ remaining s u c c e s s i v e small f r a c t i o n s 
could be taken. These should give P i r a n i gauge d e f l e c t i o n s 
which would be n e a r l y equal (decreasing s l i g h t l y i n 
geometrical p r o g r e s s i o n ) . I n f a c t they showed marked 
v a r i a t i o n s w i t h a general tendency to i n c r e a s e . T h i s l e d 
to the conclusion that heliiim was somehow coming i n t o the 
c a l i b r a t i o n v e s s e l , but experiments f a i l e d to show a l e a k 
and i n d i c a t e d that heli\am was coming equally i n t o a l l s e c t i o n s . 
I t was f i n a l l y concluded that the assumption that helium was 
not adsorbed on the s u r f a c e of the mercury, did not hold when 
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the surface of the mercury was greasy ( i t had to r i s e through 
a tap greased with Apiezon grease) and when i t had been 
exposed to p r e s s u r e s of 5 to 6 cm of heliiira. 
(b) The L a t e r Design. I t was decided to change the 
c a l i b r a t i o n system f o r one avoiding these disadvantages. 
A l a r g e McLeod gauge w i t h an a c c u r a t e l y c a l i b r a t e d c l o s e d 
limb was used. To determine the volume of d i f f e r e n t lengths 
of the c l o s e d limb, the l a t t e r was f i l l e d w i t h mercury to 
v a r i o u s heights before assembly, and the exact length of the 
column of mercury was measured w i t h a t r a v e l l i n g microscope; 
then the tube was weighed. The height of the meniscus was 
observed at the same time and the necessary c o r r e c t i o n made 
f o r i t s volume. 
A vol'ome of helium about 1 ml under a pressure of 2 - 4 cm 
of mercury could be trapped i n t h i s limb and observed through 
a l a r g e t r a v e l l i n g microscope of minimum f o c a l length Im. 
With p r a c t i c e readings reproducible to one or two thousandths 
of a cm could be obtained. A h a i r - l i n e mounted across the 
c l o s e d limb marked the upper end of the volume enclosed. 
Readings were taken to t h i s mark using f r o n t a l i l l u m i n a t i o n 
and to the shoulder of the mercury menisci i n the two limbs 
\ m t i l s u c c e s s i v e readings gave the same pressure d i f f e r e n c e . 
Readings were a l s o taken to the top of the menisci using 
i l l u m i n a t i o n from behind and a c o r r e c t i o n was made for the 
volxome of the meniscus i n the c l o s e d limb and f o r any pressure 
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drop corresponding to a d i f f e r e n c e i n height of the two 
m e n i s c i . The v a l u e s f o r the pressure and volijme of the 
helium sample were probably accurate to two p a r t s per thousand. 
T h i s sample was expanded into the volume of the whole 
McLeod gauge p l u s the spaces marked B and C i n Pig. 14. The • 
space C whose vol\ame was known extended from the mercury 
c u t - o f f at the r i g h t to the mark on the tube to the l e f t , 
which was l e v e l w i t h the c u t - o f f and to which mercury was 
r a i s e d . When C was i s o l a t e d by r a i s i n g a coltmra of mercury 
to the c u t - o f f a known f r a c t i o n of the o r i g i n a l volume was 
enclosed. T h i s was then allowed to expand int o spaces D 
and E. A known f r a c t i o n was i s o l a t e d i n E and could be 
introduced i n t o the P i r a n i fore-space by lowering the fourth 
mercury v e n t i l to a f i x e d mark M. Space E was then part 
.of the P i r a n i fore-space. S i m i l a r l y the second v e n t i l was 
always adjusted t o a mark N which defined D. I f a smaller 
amount was required^as was u s u a l l y the case, the f r a c t i o n 
trapped i n E could be allowed to expand back i n t o space D 
and C a f t e r they had been c a r e f u l l y evacuated f o r about an 
hour. 
The volume of the whole McLeod gauge was determined by 
f i l l i n g i t w i t h water from a 100 ml burette, which was 
afterwards c a l i b r a t e d at the same temperature by weighing 
100 ml p o r t i o n s of d i s t i l l e d water. The volumes B, C and E 
were determined by f i l l i n g them with t r i p l y d i s t i l l e d mercury 
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at 21°C. and weighing them c a r e f u l l y before assembling. 
The j u n c t i o n between B and the McLeod gauge was made c a r e f u l l y 
so t h a t no volume change was involved. The space D was 
c a l i b r a t e d as fol l o w s a f t e r the system was assembled. An 
anount of helium was taken and measured i n the McLeod gauge. 
A proportion of t h i s was i s o l a t e d i n spaces C, D and E and 
the McLeod gauge was evacuated. The helium remaining was 
then allowed to expand i n t o the whole and the pressure was 
again measured i n the McLeod gauge. The r a t i o of the f i r s t 
v alue of the pressure to the second was as A+B+C+D+B to C+D+B. 
The mean of four values was taken and the volume of D 
c a l c u l a t e d . The volumes were: 
A (McLeod) 536. 0 ml 
B 4.15 ml 
C 4.207 ml 
D 162.3 ml 
B 4.663 na 
E r r o r s . 
We may allow an e r r o r of 0.25 ml i n the c a l i b r a t i o n of the 
McLeod gauge volume and 0.1 ml i n s e t t i n g the mercury to the 
mark at the base of the gauge, a t o t a l e r r o r of 0.07^. The 
e r r o r i n the volume of B was n e g l i g i b l e compared to the vo l m e 
alre a d y allowed i n A. The e r r o r s i n the c a l i b r a t i o n of C 
and E were u n l i k e l y to amount to more than a cu.mm or 0.025%. 
I f the e r r o r of s e t t i n g the mercury to the various marks was 
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as much as 1/10 mm there was a r e s u l t i n g u n c e r t a i n t y i n 
the volumes of C and E of * out 4 cu.mm ( i n 7 ram tubing) or 
0.1%. The e r r o r i n the four readings g i v i n g the value fcr 
D was l e s s than 1 i n 1000 and the e r r o r of s e t t i n g mercury 
was only that at N p l u s that at the c u t - o f f between C and B. 
The former was 4 cu mm, the l a t t e r 80 cu. ram because the 
mercury had to be r a i s e d 2 mm over the edge of the c u t - o f f 
t o make c e r t a i n t h a t no helium leaked past. The e r r o r i n 
D was therefore 0,025%, The t o t a l e r r o r i n the c a l i b r a t i o n 
system may therefore be 0,3%, 
The expression f o r the s e n s i t i v i t y of the P i r a n i gauges 
to helium i n terms of cm d e f l e c t i o n of the galvanometer 
p o i n t e r per ml of heliufli at N.T.P. i s as fo l l o w s : ( i n the 
case where helium i s 'back-expanded') 
r 
C 
S e n s i t i v i t y = D e f l e c t i o n 76.00 275,2 + t-^A + B + 0.^ .(0 + D + 
Voliime of Pr e s s 273.2 C E ^ 
helium 
= D e f l e c t ion y 275.2 + t ^  4,85 x 10^ cin/nil 
Volume Pressure 
where t i s the Centigrade temperature. 
A f a c t o r had to be 5) p l i e d to a l l caL i b r a t i o n readings 
except the f i r s t to allow f o r the f a c t that there was l e s s 
helium i n space D every time a saii5)le i s removed. T h i s 
f a c t o r i s given by: 
C + D + E = 1 + 4.66 = 1.028 
C + D 166.5 
For the nth s u c c e s s i v e c a l i b r a t i o n reading the f a c t o r 
was (1,028)^-1 
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The s e n s i t i v i t y of the p i r a n i gauges v a r i e d from day to 
day by amounts up to 10%. Therefore they Imd to be 
r e c a l i b r a t e d f o r every determination. F r e s h heliiim was 
always taken i n the c a l i b r a t i o n system. I n case there was 
a gradual change of s e n s i t i v i t y during the day, two samples 
were admitted to the gauges before the reading was made on 
the vmknown sample of helium and two readings immediately a f t e r , 
($) The C a r r i e r Gas System. 
The system containing the gas ffir f l u s h i n g helium and 
radon out of the radium f l a s k i s shown i n Pig.15. I t 
c o n s i s t e d of a ten l i t r e vacuum-tight s t e e l f l a s k , A ^ and 
sm a l l e r g l a s s f l a s k s , B, t o t a l l i n g 1.5 l i t r e s i n volume. 
These l a r g e f l a s k s were necessary because considerable volumes 
of gas were r e q u i r e d . I n most of the work here described 
oxygen was used as the c a r r i e r gas but at a very l a t e stage 
argon was used i n s t e a d . The gas used i n previous work was 
a mixture of hydrogen and oxygen prepared by e l e c t r o l y s i n g a 
strong s o l u t i o n of c a u s t i c soda i n a c e l l attached to the 
radium f l a s k . T h i s system had the advantage of f l e x i b i l i t y 
but e x t r a oxygen had to be introduced to burn the hs^drogen 
q u a n t i t a t i v e l y and there was always the danger of a small 
explosion. I t would have been convenient to have used 
e l e c t r o l y t i c gas f o r the long f l u s h i n g out of radon, thus 
decreasing the volume of c a r r i e r gas to be stored, and to 
have used oxygen or argon f o r f l u s h i n g helivim i n t o the 
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c i r c u l a t i n g system. 
The oxygen used was of ordinary c y l i n d e r p u r i t y . I t 
was l e d i n at C i n Pig . 15, past the i n l e t tap E and allowed 
to bubble away to the a i r i n a small j a r of mercury, D. 
T h i s ensured that there was always p r e s s u r e greater than 
atmospheric i n the rubber tubing and prevented contamination 
w i t h a i r . The i n l e t tap was then c a u t i o u s l y opened, admitting 
the oxygen; u s u a l l y the oxygen was not admitted to the 10 l i t r e 
f l a s k immediately but was p u r i f i e d from helium f i r s t . When 
the g l a s s f l a s k s were f u l l to atmospheric pressure as 
i n d i c a t e d by the manometer K, the oxygen was condensed i n 
the c o l d f i n g e r , G, cooled i n l i q u i d nitrogen. When the 
co l d f i n g e r was f u l l of l i q u i d oxygen (15 - 20 ml, eno\igh to 
give 10 l i t r e s of gas) enough to f i l l the g l a s s v e s s e l s to 
atmospheric pressure was allowed to evaporate. Most of the 
helium or neon would evaporate a l s o . The tap L was then 
shut and the oxygen adsorbed at l i q u i d nitrogen temperatures 
on the c h a r c o a l (50 gm) contained i n tube P. When ths 
p r e s s u r e had f a l l e n to l e s s than 1 mm, the tap Hp to the 
vacuum pumps was opened and the r e s i d u a l gases which would 
c o n t a i n a l a r g e r proportion of heli\am and neon were pumped 
away f o r a p e r i o d of 20 min. The oxygen was recondensed i n 
the c o l d f i n g e r and the procedure was repeated eight or nine 
times x m t i l a l l the helium had been removed. 
I t was then d e s i r a b l e to remove at l e a s t some of the 
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n i t r o g e n which might have been present as ( j i i t e a considerable 
impurity. The gases contained i n the storage v e s s e l s at 
any time when the tap L was open amoiinted to 15 cm pressure 
of oxygen together w i t h the bulk of any nitrogen. The tap 
L was shut and the whole of t h i s v ^ o u r was pumped away. 
F i n a l l y a l l the condensed oxygen was slowly evaporated, the 
t e n - l i t r e f l a s k being opened to accommodate i t . . To determine 
the concentration of helium remaining as impurity a blank 
experiment was always c a r r i e d out w i t h a normal quantity of 
o^gen. The upper l i m i t was regarded as 3 x 10"^ ml helium, 
( i . e . about .01 - .05 of the u s u a l amount of helium produced 
from the radium). The volume of oxygen taken was always 
estimated by the pressure i t produced i n the c i r c u l a t i n g 
system, and making a c o r r e c t i o n , the u n c e r t a i n t y i n the 
r e s u l t due to contaminating helium i n the c a r r i e r gas was 
reduced to n e g l i g i b l e proportions. 
When i t was no longer p o s s i b l e to use oxygen (Chapter V I , 
sectiionY) and argon replaced i t , the same procedure was used. 
Argon was s e l e c t e d because i t s p h y s i c a l p r o p e r t i e s were 
s i m i l a r to those of oxygen. Nitrogen could not have been 
condensed i n the c o l d f i n g e r . To remove oxygen, c y l i n d e r 
argon was passed over heated copper turnings before use. 
These were contained i n a s i l i c a tube sibout 60 cm long 
maintained at a low red heat. Ten l i t r e s of argon were 
passed slowly i n 40 min. The steps taken to remove heli\am 
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were the same .as those described above. 
(C) Experiments w i t h A i r Samples. 
The helium content of a i r i s an a c c u r a t e l y known 
geophysical constant (Ref. 7,5). Therefore by taking a 
known small volume of a i r f r e e from water and carbon dioxide 
and measuring the helium i n i t , a u s e f u l check on the accuracy 
of the measuring apparatus could be obtained. An a i r 
p i p e t t e was made c o n s i s t i n g of a short length of c a p i l l a r y 
tubing (volume 0.1 ml) enclosed by vacuum-tight c a p i l l a r y taps. 
F i v e experiments gave v a l u e s f o r the concentration of heliiam 
i n (CO2 - f r e e ) a i r as 
5,22 X 10"^ ) 
5,14 X lO"^ ) Average = (5,23 + ,06) x 10"® 
5,21 X 10"® j The best experimental value i s 
5,27 X 10"® j 5,25 X 10"® 
5,29 X 10"® ) 
T h i s margin of e r r o r (0,12%) a r i s e s from "uncertaiLnty and 
l a c k of good agreement i n readings on the galvanometer s c a l e 
and i s l a r g e l y due to unsteadiness of the P i r a n i gauges. 
Nevertheless i t was p o s s i b l e to commence work with a s o l u t i o n 
of radixam s a l t , 
(K) Conclusions Concerning the Helium Apparatus, 
The apparatus used was not subject to any major 
a l t e r a t i o n during the experiment, except that to the 
c a l i b r a t i o n system which has been described. As a r e s u l t 
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of t h i s work, i t i s concluded that the apparatus measures 
helium w i t h accuracy, although c e r t a i n improvements can be 
suggested. 
( i ) The g l a s s i n seme s e c t i o n s of the apparatus used 
was o l d and gave reason to "believe that i t had "been suhject 
to a c e r t a i n amount of d e v i t r i f i c a t i o n . Any future work 
should he c a r r i e d out on a newer apparatus. 
( i i ) I n the c a r r i e r gas system i t i s suggested that 
e l e c t r o l y t i c gas, c o n t i n u a l l y generated at a r a t e which 
could he e x a c t l y c o n t r o l l e d , he used f o r the eight-hour period 
of radon removal, and oxygen f o r the sweeping out of helium 
only. 
( i i i ) The type of f l a s k used f o r d i r e c t f r e e z i n g 
experiments should he Type 1 (see F i g . 4 ) i n preliminary work, 
because the f l a s k i s then more . e a s i l y a l t e r e d ; hut type 11 
should he used f o r accurate measurements because there i s 
then l e s s r i s k of s o l u t i o n being splashed onto a gound-glass 
OOint. 
( i v ) The flow of c a r r i e r gas should be c o n t r o l l e d by a 
more s e n s i t i v e v a l v e . 
( v ) Pressure on the o u t l e t side of the f l a s k should be 
kept at 5 cm of mercury at l e a s t ; t h i s reqioires some s o r t of 
mercury bubbler ijore elaborate than the simple one used i n 
t h i s experiment, which could only regulate a pressure drop 
of 2 - 3 cm. S i m i l a r l y the v e n t i l leading from the radium 
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system i n t o the c i r c u l a t i n g system should adapted to 
d e a l w i t h a 5 cm pressure drop. 
( v i ) The col\iran "by-pass should have a giraund-glass tap 
i n e i t h e r limb, or a l t e r n a t i v e l y , a v e r y - w e l l - f i t t i n g f l o a t 
v a l v e at the upper end of each limb. I t would then "be 
posaLlDle to allow a i r at atmospheric pressure into s e c t i o n s 
of the apparatus without having to allow a i r i n t o the whole . 
( v i i ) The working of the f r a c t i o n a t i n g column could with 
advantage he made automatic. 
( v i i i ) The flow of gas int o and out of the P i r a n i gauges 
should he c o n t r o l l e d w i t h taps and not with mercury v e n t i l s , 
and the gauges should "be protected i n every p o s s i b l e way from 
mercury vapour. 
( i x ) I f ^ t h i s i s done, and great care i s taken to avoid 
overheating the filament i t -should he p o s s i b l e to use ths 
P i r a n i gauges f o r a year or more without rev/iring. I n that 
case a design can be suggested which may reach temperature 
e q u i l i b r i u m more gcickly than does tiie tjrpe described i n 
t h i s chapter. The inner sleeve and the outer c a s i n g should 
be j o i n e d by a r i n g - s e a l j u s t above the filament, Tdiich vrould 
reduce the volume of the gas space to which helium i s admitted. 
There would then be only one t h i c k n e s s of g l a s s between the 
l i q u i d n i t r o g e n and the tungsten leads,, evacuated i n s i d e as 
before. There would be no ground-glass cone and socket i n 
the main tube above the l e v e l of the l i q u i d nitrogen, but 
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there should be a Pyrex to soda cone-and-socket connection 
i n the side arm. The l e v e l of l i q u i d nitrogen could then 
be brought to a point very near the top of the evacuated 
space. These a l t e r a t i o n s should speed the rate of a t t a i n i n g 
temperature e q u i l i b r i u m and cut down the r a t e of d r i f t of the 
balance point. 
( x ) The wi r e s of the Wheatstone Bridge c i r c u i t should 
be screened and, i d e a l l y , so should the P i r a n i gauges 
themselves. There i s not a great decrease i n s t a b i l i t y when 
the l a t t e r p r e c a u t i o n i s neglected, 
( x i ) I n the c a l i b r a t i o n system, there was a rather 
l a r g e e r r o r involved i n s e t t i n g mercury to various marks. 
T h i s could be minimized by making the tubes narrower at 
these p o i n t s or by arranging f o r an automatic c o n t r o l l i n g 
d evice. An e l e c t r i c a l contact sealed i n t o the w a l l of the 
tube at the r i g h t point i s one p o s s i b i l i t y , provided there 
was no a r c i n g which might d r i v e occluded hydrogen out of the 
w a l l s . 
( x i i ) A cathetometer w i t h a much shorter f o c a l length 
than the one used i s high l y d e s i r a b l e f o r measuring the 
helium i n the McLeod gauge. 
( x i i i ) Many of the e r r o r s would be reduced by measuring 
a l a r g e r quantity of helium, say 10"^ ml. 
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CHAPTER V l l l 
RESULTS AND DISCUSSION. 
(Jl) C o r r e c t i o n s Applied, 
(p) R e s u l t s . 
(T) P o s s i b l e Sources of E r r o r . 
(<r) Conclusions and Suggestions. 
{ft-) C o r r e c t i o n s Applied. 
The f o l l o w i n g c o r r e c t i o n s were applied to the r e s u l t s : 
( i ) C o r r e c t i o n f o r n o n - l i n e a r i t y of Scale (Chapter V l l 
S e c t i o n J* ) 
( i i ) C o r r e c t i o n to c a l i b r a t i o n readings f o r successive 
c a l i b r a t i o n s (Chapter V l l S e c t i o n <\), 
( i i i ) C o r r e c t i o n f o r Incomplete D e l i v e r y of HeliTora from 
the Column (Chapter V l l S e c t i o n e ). 
( i v ) C o r r e c t i o n f o r Helium i n the Argon. A c o n t r o l 
experiment c a r r i e d out a f t e r the t h i r d f i n a l 
measurement showed a proportion of helium i n the 
—9 
argon to the extent of 3.0 x 10 ml of heliiam f o r 
every cm of argon pressure i n the c i r c u l a t i n g system. 
( I t w i l l be remembered that the quantity of c a r r i e r 
gas was estimated by the pressure i t produced i n the 
c i r c u l a t i n g sjrstem). A l a t e r experiment showed 
3.5 X 10"^ml per cm pressure. T h i s was co n s i s t e n t 
w i t h the supposition that a s l i g h t a i r leak had 
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developed i n the argon storage system. By ta k i n g as 
zero time the l a s t occasion on which the c a r r i e r argon 
had been p u r i f i e d a c o r r e c t i o n f o r t h i s e r r o r was made, 
(v ) Due to one or other of the causes discussed i n 
Chapter V I , S e c t i o n , a p r o g r e s s i v e l y i n c r e a s i n g 
proportion of radon was found retained i n the radium 
f l a s k a f t e r each eight-hour period of removal. The 
proportion, r e t a i n e d was estimated by means of a 
portable dose-meter, using a sheet of le a d to reduce 
the e f f e c t s of a l l r a d i a t i o n but the gamma a c t i v i t y 
due to radi\am C. A r e s i d u a l a c t i v i t y of 1,5% was 
found a f t e r the fourth measurement and 1.7% a few days 
l a t e r . The assumption was made, supported by these 
f i g u r e s , that t h i s e r r o r had grown r e g u l a r l y with 
time s i n c e the i n t r o d u c t i o n of the radium s o l u t i o n , 
and a value f o r the r e s i d u a l a c t i v i t y was obtained f o r 
each measurement. Then the Bateman f a c t o r s were 
c o r r e c t e d according to the formula ^ = 4 x + ^ ( l - x ) 
= ^ + ( 4 -/3) X 
Before the f o u r t h measurement recorded below 
f r e s h s u p p l i e s o f argon were taken. During the 
f l u s h i n g out of heli\im f o r t h i s f o u r t h measurement the 
t i p of the bubbler i n the radium v e s s e l blocked 
p a r t i a l l y . I t i s j u s t possible, that f l u s h i n g out of 
heli\im was incomplete. T h i s would make the fo u r t h 
r e s u l t too low, but si n c e i t i s already higher than 
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the o thers, the e f f e c t cannot have been great. 
( p ) R e s u l t s . 
The r e s i o l t s of the four measurements made are tabulated 
below. I t w i l l be seen that agreement betweem them i s poor . 
I n the f i r s t column i s the observed d e f l e c t i o n i n cm. I n 
the second column i s the volume of helium corrected f o r the 
argon blank and the column f a c t o r . I n the t h i r d colximn i s 
the time of acciiraulation of helium. I n the fourth column 
the product of t h i s time and the Bateman f a c t o r ( c o r r e c t e d 
f o r r e t a i n e d radon). F i n a l l y i s the rate of helium 
production due to radium alone i n ml per hour. The f i g u r e s 
i n the f i n a l column should agree. 
TABLE V. 
RESULTS. 
No. D e f l e c t i o n . Volume (a t NTP) t t Vol/hour. 
1 8.63 cm 4.02 x lO"*^ ml 85.7 hr 150.5hr 2.68 x 10~^ml 
2 7.60 cm 2.05 x lO""^ ml 47.33hr 70.3hr 2.92 x lO'^m: 
3. 7.25 cm 1.93 x lO'^ ''' ml 45.0 hr 66.3hr 2.91 x 10~^ml 
4 17.95 cm 5.22 x lO""^ ml 90.43hr 167.4hr 3.12 x lO'^ml 
(NB. The s c a l e s e n s i t i v i t y f o r the f i r s t reading was smaller 
than f o r subsequent r e a d i n g s ) . 
The average value f o r the r a t e of helium production i s : 
(2.90 + 0.15) X 10"^ ml per hr 
= 2.88 X 6.025 X lO^'^ x 10"^ = 2.18 x 10^ d i s i n t e g r a t i o n s per 
22400 X 36000 sec. 
The standard d e v i a t i o n of the four r e s u l t s i s 5.1%. 
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As has already been mentioned no estimate of the mass of 
radium i n the aaLution was made, p a r t l y because of the wide 
discrepancy i n these r e a i i t s and p a r t l y because of tte 
d i f f i c u l t y experienced i n recovering the radliim from the f l a s k . 
(JC) P o s s i b l e Sources of E r r o r . 
The r e s u l t s of the four measurements do not vary 
s y s t e m a t i c a l l y w i t h e i t h e r the period of accumulation or the 
q u a n t i t y of helium taken f o r c a l i b r a t i o n . The f i r s t 
measurement and the f o u r t h are the ones with the longer 
p e r i o d of accumulation of helium. One would expect them 
to be e i t h e r both higher or both lower than the other two, 
yet the f i r s t g i v e s a lower r e s u l t and the f o u r t h a higher. 
S i m i l a r l y these are the two measurements where the l a r g e s t 
volume of helium was taken f o r c a l i b r a t i o n purposes. Even 
i f we d i s c a r d one of these two readings as i n c o r r e c t f o r 
some other reason, the c l o s e agreement between the second and 
the t h i r d readings, i;fere widely d i f f e r e n t amounts of 
c a l i b r a t i o n helium were taken, argues against systematic 
e r r o r s i n the c a l i b r a t i o n system. 
The only r e g u l a r i t y which can be observed i s a r i s e i n 
the v a l u e s obtained during the time of the experiment. T h i s 
could not be due to adsorption or desorption of helium by the 
v a r n i s h and no signs of any leakage of atmospheric helixim 
could be detected. C o r r e c t i o n has already been applied f o r 
helium i n the argon. 
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One l i k e l y p o s s i b i l i t y a r i s e s from the surface e f f e c t 
whereby alpha p a r t i c l e s a r i s i n g f r o n a point i n the s o l u t i o n 
near the w a l l s may come to r e s t i n the w a l l s and so be l o s t . 
The e f f e c t i s i n c r e a s e d because of the 'emulsifying' tendency 
n o t i c e d where s o l u t i o n and mercury met, and a l s o perhaps 
because of a h y p o t h e t i c a l absorption of r a d i o a c t i v e substances 
on the mercury or the v a r n i s h . The f i g u r e s require that t h i s 
e f f e c t should be g r e a t e s t at the s t a r t of the readings. 
The second p o s s i b i l i t y i s p r o g r e s s i v e l y i n c r e a s i n g 
r e t e n t i o n of radon. T h i s could be e a s i l y explained i n terms 
of an unobserved breakdown of the v a r n i s h causing p r e c i p i t a t i o n 
of s i l i c a t e , or of absorption of radon on the v a r n i s h etc. 
C o r r e c t i o n has already been made f o r t h i s p o s s i b i l i t y and to 
invoke i t to e x p l a i n the r e s u l t s would be to c a s t doubt on the 
a c t i v i t y measurements which were the b a s i s of the c o r r e c t i o n . 
There i s no s i n g l e simple explanation, t h e r e f o r e , of the 
v a r i a t i o n i n the resixLts of the four determinations. 
( ( 0 Conclusions and Suggestions. 
Work has been c a r r i e d out on the problem of determining 
the h a l f - l i f e of radium by measurement of the helium evolved. 
The apparatus and technique of Glueckauf as modified by 
workers at the Londonderry Laboratory f o r Radiochemistry was 
used to measure the q u a n t i t i e s of heliiam. Various s o l u t i o n s 
of radium and v a r i o u s methods of e x t r a c t i n g the helium from 
s o l u t i o n has been i n v e s t i g a t e d . I n order t h a t a q u a n t i t a t i v e 
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r e s u l t be obtained i f p o s s i b l e , the most promising short-term 
approach was followed, and measurements were c a r r i e d dut on 
the r a t e of e v o l u t i o n of helium from a radiiom s o l u t i o n . 
The wide s c a t t e r of these r e s u l t s and the d i f f i c u l t y 
experienced i n recovering the radium at the end of the s e r i e s 
of experiments d i d not wgrrant the making of an accurate 
a n a l y s i s of the weight of radium present i n the f l a s k w ith 
the r e s u l t t h a t no value f o r the h a l f - l i f e of radi\am can be 
given. 
The method f i n a l l y used involved f l o a t i n g the radium 
s o l u t i o n on a l a y e r of mercury whose l e v e l could be adjusted 
t o minimise the gas-volume above the s o l u t i o n . The advantage 
of t h i s type of apparatus was that i t avoided the n e c e s s i t y 
of f r e e z i n g the s o l u t i o n . T h i s i n t u r n permitted the use 
of a iQioat of v a r n i s h to protect the g l a s s of the f l a s k from 
a t t a c k , so t h a t soda-glass which i s impermeable to helium 
might be used f o r the f l a s k . The d i f f i c u l t i e s i n the use 
of such a f l a s k have been s e t out i n Chapter V I , s e c t i o n (T 
and w i l l be summarized here. 
( i ) Radium and/or i t s daughter products appeared to have been 
absorbed on the surface of the v a r n i s h or the mercury. 
( i i ) S o l u t i o n tended to be trapped between the mercury and 
the w a l l s of the f l a s k when the mercury was r a i s e d . 
( i i i i ) The presence of a greased vacuiam tap i n a p o s i t i o n 
where s o l u t i o n i s l i k e l y to be splashed upon i t and through 
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which s o l u t i o n had to be introduced or removed was a 
disadvantage. For these reasons the floating-on-mercury 
t ^ e of f l a s k i's not recommended. 
The a l t e r n a t i v e s are set out i n Chapter V I Section ^ . 
They include the use of a soda g l a s s f l a s k with a s u l p h u r i c 
a c i d s o l u t i o n , a p l a s t i c f l a s k w i t h an aqueous s o l u t i o n and 
a m i l d c o o l i n g agent, a chemically r e s i s t a n t metal f l a s k 
w i t h an aqueous s o l u t i o n , aiiPyrex f l a s k with a j a c k e t of soda 
glas's and a low f r e e z i n g l i q u i d i n between, and a radium 
amalgam. 
Various minor changes to the helium apparatus have been 
suggested i n Chapter V l l , s e c t i o n (|c). The question may 
a r i s e whether the bulky and sanetimes cumbersome helium 
apparatus i s a l l necessary f o r the measurement of helium. 
The heart of the apparatus i s the f r a c t i o n a t i n g column whose 
shape i s d i c t a t e d by the method of f r a c t i o n a t i o n which must 
remain unchanged. I t can be reduced i n s i z e and a smaller 
v e r s i o n i s i n f a c t i n use at Durham. For measuring the 
p u r i f i e d heli\am there are v a r i o u s a l t e r n a t i v e s to the P i r a n i 
gauge, the most i n t e r e s t i n g of which i s the i o n i z a t i o n gauge, 
r e c e n t l y much improved by Alpert and B u r i t z (Ref.8.1). This 
instrument i s capable of measuring very small pressure changes 
(of the order of 10"-^^ mm) so that i t would probably be 
p o s s i b l e to use i t to record continuously the changes of 
p r e s s u r e as helium was d e l i v e r e d from the coluimi Into a space 
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of some 100 ml. A c a l i b r a t i o n system would s t i l l be 
r e q u i r e d , and f o r t h i s a McLeod gauge and p i p e t t i n g system 
are most str a i g h t - f o r w a r d . 
The only p a r t of the apparatus that might be dispensed 
w i t h i s the c i r c u l a t i n g system; the gases would then be l e d 
through a non-return v a l v e from the radium f l a s k d i r e c t l y 
i n t o the f i r s t c h a r c o a l tube of the column. Hydrogen would 
then be separated on the column. I f the apparatus were to 
be used a l s o f o r other problems, however, burning of hydrogen 
would be necessary. A l l the other p a r t s of tie apparatus 
are E s s e n t i a l and form an accurate and r e l i a b l e instrument 
which probably a f f o r d s the only way of analysing such small 
q u a n t i t i e s of helium as are produced i n radium s o l u t i o n s . 
A f i n a l summary and conclusion f o r t h i s work i s not 
easy because there i s no nijmerical r e s u l t . The conclusions 
t h e r e f o r e must take the form of the suggestions f o r future 
work which have been given. I n deciding the question of 
whether or not f u r t h e r work on t h i s determination of the h a l f -
l i f e of radium i s warranted, such other f a c t o r s as the 
a v a i l a b i l i t y of a standard source of radi\im and a measuring 
apparatus must be considered. The c o n s t r u c t i o n of a new 
helium apparatus would not be worth while u n l e s s i t were 
r e q u i r e d f o r other purposes as w e l l . I f a measuring apparatus 
and a standard source of radium are a v a i l a b l e then the work 
i s w e l l worth continuing, because the advantages of the heliixm 
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method {-outlined i n Chapter I J , S e c t i o n S ) s t i l l remain. 
The d i f f i c u l t i e s are many, to overcome them w i l l take some 
time, yet they are not insuperable and i t i s hoped that the 
present work w i l l a i d the determining of a new and more 
r e l i a b l e value f o r the h a l f - l i f e of radium. 
I t may be asked how the helium method compares with 
other methods that have been used f o r determining the s p e c i f i c 
a c t i v i t y of radium. I n view of the d i f f i c u l t i e s encountered 
i n t h i s work i t may w e l l be questioned whether the helium 
method l i v e s up to the advantages which i t i s supposed to 
have and which have been s t a t e d i n Chapter 11, Section ( ( T ) . 
But ;:-z no method can be r u l e d out as long as the d i f f i c u l t i e s 
i n v o l v e d are t e c h n i c a l ones and not d i f f i c u l t i e s of p r i n c i p l e . 
No doubt t e c h n i c a l d i f f i c u l t i e s were encountered i n a l l the 
experiments described i n Chapter 11, these cannot be estimated 
by reading the papers i n which the work i s described. The 
heliiim method, then, as f a r as the p r i n c i p l e goes, i s s t i l l 
among the b e s t . 
Sometimes, however, the t e c h n i c a l d i f f i c u l t i e s reach a 
stage at which the method, i f not abandoned, must be set 
aside u n t i l new techniques or new m a t e r i a l s are developed. 
The helium method has nbt quite reached t h i s stage y e t , but 
i f the v a r i o u s not-very-promising p o s s i b i l i t i e s which have 
been suggested should prove impracticable, then t h i s stage 
w i l l have been reached. 
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Of the other methods, the growth-in-ioniiam method 
s u f f e r s from a disadvantage of p r i n c i p l e , the u n c e r t a i n 
g e o l o g i c a l h i s t o r y of the minerals used. 
The d i r e c t - c o u n t i n g method reaches i t s most advanced 
form yet i n the work of Kohman, However the numerous 
c o r r e c t i o n s which have to be made to allow f o r l o s s of radon 
from the source amo\int to a d i f f i c u l t y of p r i n c i p l e . T h i s 
d i f f i c u l t y covers a l l methods us i n g sources containing radium 
i t s e l f . On the other hand, to use a Ra(B + C + C') source 
i n v o l v e s a gamma s t a n d a r d i z a t i o n under conditions where the 
absorptions of c o n t a i n e r s , e t c . cannot be a c c u r a t e l y allowed 
f o r . T h i s again i s a d i f f i c u l t y , not of technique, but of 
p r i n c i p l e . Of a l l the methods i n v o l v i n g d i r e c t counting, 
that of Ward, Cave, and Wymie-Williams appears to be the best. 
Mann's experiment i s c l e a r l y the best of thos^based on 
heating e f f e c t . • Here i s one case where f u r t h e r advance must 
await refinements i n r e l a t e d f i e l d s , namely a more accurate 
determination of the degree to which the beta and gamma 
r a d i a t i o n s of the decay s e r i e s are adsorbed i n t h i n - w a l l e d 
v e s s e l s . When t h i s i s a v a i l a b l e Mann's instrument w i l l 
probably provide a b e t t e r method than the volumetric 
measurement of helium. 
The method of measuring the r a t e of t r a n s f e r of e l e c t r i c 
charge as used by Braddick and Cave i s probably equal i n 
r e l i a b i l i t y to Ward, Cave and Wynne-Williams' work and may 
- 138 -
perhaps be regarded as equal to, but not superior t o, the 
helium method. 
A l l the work described i n t h i s t h e s i s v/as c a r r i e d out 
i n the Radiochemistry Laboratory of the Durham Colleges i n the 
U n i v e r s i t y of Durham. I should l i k e to thank the Council 
of the Durham Co l l e g e s f o r the Research A s s i s t a n t s h i p that 
made the work p o s s i b l e . I should a l s o l i k e to express my 
thanks to Prof. F.A. Paneth f o r suggesting the problem and 
h i s h e l p f u l advice; to Mr, Q.R. Martin f o r invaluable help 
and c r i t i c i s m ; • to Dr. P. Reasbeck f o r i n s t r u c t i n g me i n the 
techniques of the helium apparatus, and to many other people 
i n the Radiochemistry Laboratory f o r p r a c t i c a l help and advice, 
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